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ABSTRACT
The e f f e c t s  o f  b a l l - m i l l i n g  on pow ders  o f  c o v a l e n t  
and i n t e r s t i t i a l l y  bonded m a t e r i a l s  have  b e e n  s t u d i e d :i\
by x - r a y  d i f f r a c t i o n .  The m a t e r i a l s  i n c l u d e d  e l e m e n t s  ;• ■' 
o f  G-roup IV ,  and c a r b i d e s ,  n i t r i d e s  and b o r i d e s  o f  j
t r a n s i t i o n  m e t a l s .
A l l  t h e  m a t e r i a l s  exam ined  were fo u n d  t o  be a f f e c t e d  
by  b a l l - m i l l i n g .  As m i l l i n g  t i m e s  were  i n c r e a s e d ,  t h e
• ■ . i  ;
amounts  o f  s t r a i n  i n d u c e d  i n c r e a s e d ,  w h i l e  t h e  c r y s t a l  
s i z e  d e c r e a s e d .  In  s e v e r a l  m a t e r i a l s  t h e r e  was e v i d e n c e  
o f  s t r a i n  s a t u r a t i o n  w i t h  an a c com p an y in g  s m a l l  c r y s t a l  
s i z e .  The v a l u e s  were  d i f f e r e n t  i n  d i f f e r e n t  b a l l  m i l l s .  
E l e c t r o n  m i c r o s c o p y  f a i l e d  t o  r e v e a l  p a r t i c l e s  a s  s m a l l  
a s  t h e  c r y s t a l  s i z e s  d e t e r m in e d  by x - r a y  l i n e  b r o a d e n i n g ,  
e x c e p t  w i t h  germanium. The amount o f  s t r a i n  i n d u c e d  
was a f u n c t i o n  o f  t h e  bond s t r e n g t h  and was co m p a r a b le  
t o  t h a t  d e v e l o p e d  i n  f i l e d  m e t a l s .
N o n - s t o i c h i o m e t r y  and t h e  p r e s e n c e  o f  i m p u r i t i e s  
were f o u n d  t o  be  im p o r t a n t  f a c t o r s  i n  t h e  s t r a i n  
c h a r a c t e r i s t i c s  o f  t h e  i n t e r s t i t i a l  compounds .  I n  t h e  
c a r b i d e s  o f  t h e  most r e a c t i v e  m e t a l s ,  a b s o r b e d  i m p u r i t y  
atoms p r e v e n t e d \ s l i p  on p r e f e r r e d  p l a n e s ,  c a u s i n g  
d e f o r m a t i o n  i s o t r o p y .
Some c a r b i d e s  were  p u r i f i e d  by th e  n o v e l  t e c h n i q u e  
o f  p r e c i p i t a t i o n  from a l i q u i d  m e t a l  b a t h  u n d e r  a r g o n .
By t h i s  means p e r f e c t  c r y s t a l  l a t t i c e s  were  o b t a i n e d ,  
and t h e  m a t e r i a l s  were  c l o s e  t o  t h e  s t o i c h i o m e t r i c  MX 
v a l u e •
S t r a i n  r e l i e f  c h a r a c t e r i s t i c s  w ere  d e t e r m i n e d  f o r  
s i l i c o n  and germanium, s e v e r a l  c a r b i d e s ,  and t i t a n i u m  
n i t r i d e .  S p e c i a l  t e c h n i q u e s  were  d e v e l o p e d  t o  p r e v e n t  
o x i d a t i o n  o f  t h e  c a r b i d e s  d u r i n g  t h e  a n n e a l i n g  p r o c e s s .  
In  a l l  m a t e r i a l s ,  c r y s t a l  growth and r e c o v e r y  and  
r e c r y s t a l l i z a t i o n  r e a c t i o n s  s i m i l a r  t o  t h o s e  i n  m e t a l s  
w ere  o b s e r v e d .
The s t r u c t u r e s  o f  t u n g s t e n  c a r b i d e  t o o l  t i p s  and  
b l o c k  s p e c i m e n s  were  ex a m in ed  by x - r a y  d i f f r a c t i o n  
u s i n g  f i l m  m e t h o d s ,  and i t  was found t h a t  s t r a i n  was 
p r e s e n t  i n  t h e  s u r f a c e  o f  t h e  t o o l  a f t e r  m a c h in in g  
o p e r a t i o n s .  There  i s  a r e l a t i o n s h i p  b e t w e e n  p l a s t i c  
d e f o r m a t i o n  o f  t h e  t o o l  t i p  and i t s  wear p r o p e r t i e s *
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CHAPTER ONE 
INTRODUCTION
With th e  d i s c o v e r y  o f  x - r a y s  and t h e  a d v e n t  o f  
t h e  modern d i g i t a l  c o m p u te r ,  t h e  s c i e n c e  o f  c r y s t a l l o g r a p h y  
has  ta k e n  g r e a t  s t e p s  f o r w a r d  i n  t h e  t w e n t i e t h  c e n t u r y ,  
X - r a y  m eth od s  h a v e  e n a b l e d  a t o m ic  ^ s t r u c t u r e s  t o  be 
d ed u ced  and modern com p u ter  t e c h n i q u e s  have  l e d  t o  t h e  
d e t e r m i n a t i o n  o f  s t r u c t u r e s  c o n t a i n i n g  s e v e r a l  t h o u s a n d  
atom s o
Running p a r a l l e l  w i t h  ‘t h e s e  d e v e lo p m e n t s  h a s  b e e n  
t h e  s t u d y  o f  d e form ed  m a t e r i a l s .  T h i s  can be  l i k e n e d  
to  t h e  s t r u c t u r e  a n a l y s i s  o f  i m p e r f e c t  or  d e fo r m e d  
s t r u c t u r e s .  Many o f  t h e  m a t h e m a t i c a l  t e c h n i q u e s  em p loyed  
i n  x - r a y  l i n e  b r o a d e n i n g  are  s i m i l a r  t o  t h o s e  .used f o r  
s t r u c t u r e  a n a l y s i s .  The work a b o u t  t o  be d e s c r i b e d  has  
u s e d  x - r a y  l i n e  b r o a d e n i n g  as  i t s  m ajor  t o o l .
Much o f  t h e  work on x - r a y  l i n e  b r o a d e n i n g  h a s  b e e n  
c o n c e n t r a t e d  on m e t a l s ,  and w i t h  t h e  h e l p  o f  i n f o r m a t i o n  
o b t a i n e d  from t h e  e l e c t r o n  m i c r o s c o p e  a p i c t u r e  h a s  b e e n  
b u i l t  up o f  t h e  s t r u c t u r e  o f  d e fo r m e d  m e t a l s .  Some work  
h as  a l s o  b een  done on h a l i d e s  and o x i d e s ,  and i t  was  
fo u n d  th.at in d u c e d  s t r a i n  a f f e c t e d  t h e  s i n t e r i n g  p r o p e r t i e s  
o f  t h e  l a t t e r .
The p r e s e n t  work has  c o n c e n t r a t e d  on t h e  c o v a l e n t  
e l e m e n t s  o f 'G ro u p  IV ,  and on i n t e r s t i t i a l  m a t e r i a l s ,
n e i t h e r  c l a s s  o f  w h ich  has  t e e n  e x t e n s i v e l y  s t u d i e d  by  
t h e s e  t e c h n i q u e s  "before.  T h e se  m a t e r i a l s  a re  g e n e r a l l y  
t h o u g h t  o f  a s  b e i n g  hard and b r i t t l e  b u t  i t  was f o u n d  
t h a t  i n  powders  a c o n s i d e r a b l e  amount o f  s t r a i n  c o u l d  
be i n d u c e d  by b a l l - m i l l i n g .  W h i le  t h e  b u lk  o f  t h e  work 
has  c o n c e n t r a t e d  on p o w d e r s ,  i n t e r e s t i n g  e f f e c t s  have  
a l s o  b e e n  o b s e r v e d  i n  b l o c k  s a m p l e s .  The e m p h a s i s  h a s  . 
been  on t h e  r e s u l t s ?  o b t a i n e d  and t h e i r  s i g n i f i c a n c e  
r a t h e r  t h a n  on t h e  m ethods  u s e d .  H owever ,  w i t h  s e v e r a l  
a l t e r n a t i v e  m eth ods  o f  i n t e r p r e t i n g  th e  same d a t a ,  i t  
was d e c i d e d  w here  p o s s i b l e  t o  c h e c k  t h e  r e s u l t s  o b t a i n e d  
by more th a n  one m eth o d .
I n  t h i s  o p e n i n g  c h a p t e r  i d e a s  w i l l  be i n t r o d u c e d  
a b o u t  b o n d in g  i n  i n t e r s t i t i a l  and c o v a l e n t  m a t e r i a l s ,  
and t h e i r  d e f o r m a t i o n  p r o p e r t i e s  w i l l  be r e v i e w e d .  A 
s u r v e y  w i l l  be  ►made o f  x - r a y  l i n e  b r o a d e n i n g  and o f  th e  
r e s u l t s  o b t a i n e d  i n  t h e  p a s t  w i t h  m e t a l s  and i o n i c  m a t e r i a l  
F i n a l l y  a s e c t i o n  i s  i n c l u d e d  on t h e  c h o i c e  o f  m a t e r i a l s  
f o r  t h e  work.
a)  D e f o r m a t i o n  S t r u c t u r e s '  o f  Metal's and' ■Tonic Compounds
The im p o r t a n c e  o f  t h e  d e f o r m a t i p n  and m e c h a n i c a l
p r o p e r t i e s  o f  m e t a l s  has  r e s u l t e d  i n  t h e  b u l k  o f  x - r a y
l i n e  b r o a d e n i n g  work b e i n g  c o n c e n t r a t e d  on th em .  Wagner  
1and Aqua summarised  t h e  b r o a d e n i n g  a s  due t o  t h e  
f o l l o w i n g : '
1 .  R e d u c t i o n  i n  t h e  s i z e  o f  c o h e r e n t l y  d i f f r a c t i n g  
dom ains  • -
2• F a u l t i n g  on c e r t a i n  h k l  p l a n e s .
3 .  D i s t o r t i o n s  w i t h i n  c r y s t a l l i t e s .
4* Changes i n  p e a k  p o s i t i o n s  c a u s e d  hy: .
( a )  r e s i d u a l  s t r e s s e s  i n  h u lk  s p e c i m e n s ,
(b )  s t a c k i n g  f a u l t s ,
( c )  d i s l o c a t i o n s  c a u s i n g  l a t t i c e  p a r a m e t e r  
c h a n g e s ,,
( d )  s e g r e g a t i o n s  o f  s o l u t e  atoms c a u s i n g  
l a t t i c e  p a r a m e t e r  c h a n g e s .
Most o f  t h e  common m e t a l s  h a v e  b e e n  exam in ed  by
x - r a y  d i f f r a c t i o n  i n  t h e  form o f  f i l i n g s ,  and work has
2
a l s o  been  done on m e t a l s  t h a t  have  b e e n  c o l d - r o l l e d  ,
3 4  5b a l ' l - m i l l e d  , e l e c t r o d e p o s i t e d  , s h o c k - l o a d e d  and
6f a t i g u e d  . Much o f  t h i s  work h a s  b e e n  sum m arised  by
M ik k o la  and Cohen^,
The p i c t u r e  t h a t  h a s  b e e n  b u i l t  up o f  a d e fo rm ed
m e t a l  i s  t h a t  o f  s m a l l  c o h e r e n t l y  s c a t t e r i n g  dom ains
c o n t a i n i n g  m i c r o s t r a i n s . T h i s  conform s  w i t h  t h e
o b s e r v a t i o n s  made w i t h  th e  e l e c t r o n  m i c r o s c o p e  on t h i n  
8m e t a l  f i l m s  • The c o l d  worked m e t a l  s t r u c t u r e  c o n s i s t s  
o f  s u b - g r a i n s  o f  a l m o s t  d i s l o c a t i o n  f r e e  m a t e r i a l  
s u r r o u n d e d  by m a t e r i a l  c o n t a i n i n g  a v e r y  h i g h  d e n s i t y  
o f  d i s l o c a t i o n s .
■ 11
C"~
9S t a c k i n g  f a u l t s  and m e c h a n i c a l  t w i n s  i n  body
1 0c e n t r e d  c u b i c  m e t a l s  can a l s o  be d e t e c t e d  by l i n e -
b r o a d e n i n g  and q u a n t i t a t i v e  a s s e s s m e n t s  made o f  them .
The a b i l i t y  o f  th e  x - r a y  method t o  a v e r a g e  o u t  t h e
e f f e c t s  p r o d u c e d  by t h e  s p e c im e n  has  a g r e a t  a d v a n t a g e
o v e r  t h e  e l e c t r o n  m i c r o s c o p e ,  w h ic h  can o n l y  exam ine  a
m in u te  f r a c t i o n  o f  a . s a m p le .  The d i s a d v a n t a g e  i s  t h a t
t h e ' d a t a  r e q u i r e d  b o r d e r s -  on t h e  l i m i t s  o f  a c c u r a c y  o f
t h e  d i f f r a c . t o m e t e r . T h is  p a r t i c u l a r l y  a p p l i e s  t o  the
a s s e s s m e n t  o f  b ack grou n d  l e v e l s  i n  worked s p e c i m e n s .
The f i r s t  n o n - m e t a l  t o  be i n v e s t i g a t e d  was l i m e s t o n e
11i n  i t s  v a r i o u s  c r y s t a l l i n e  form s i n c l u d i n g  m a r b le  • I t
was c o n f i r m e d  t h a t  m arble  c o u l d  be de form ed  p l a s t i c a l l y .
D e f o r m a t i o n  o f  c a l c i t e  has  s i n c e  b e e n  i n v e s t i g a t e d  by  
1 2P a t e r s o n  . A r e f e r e n c e  t o  t h e  b e n d i n g  o f  sodium
c h l o r i d e  c r y s t a l s  un der  w a t e r  t o  make m on och rom ators
l e d  Lewis  and P e a r s o n  t o  i n v e s t i g a t e  l i n e  b r o a d e n i n g  i n  
1 3
a l k a l i  h a l i d e s  . They found t h a t  m i c r o s t r a i n s  c o u l d  
be  i n t r o d u c e d  i n t o  t h e s e  m a t e r i a l s ,  by b a l l - m i l l i n g ,  and  
t h a t  th e  amount o f  s t r a i n  was c o m p a r a b le  t o  t h a t  o b s e r v e d
-J ]
i n  f i l e d  m e t a l s .  L ew is  and L i n d l e y  e x t e n d e d  t h e  f i e l d  
t o  c o v e r  i o n i c  and r e f r a c t o r y  o x i d e s ,  and fo u n d  t h a t  
s t r a i n i n g  t h e s e  m a t e r i a l s  a f f e c t e d  t h e i r  s i n t e r i n g  > 
c h a r a c t e r i s t i c s .
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b )  B o n d in g  i n  I n t e r s t i t i a l  Compounds
M a t e r i a l s  on w h ic h  v e r y  l i t t l e  work o f  t h i s  k i n d
ha s  B een  done i n c l u d e  t h e  i n t e r s t i t i a l  compounds .  These
a re  o f  g r e a t  t e c h n o l o g i c a l  i m p o r t a n c e  B e c a u s e  o f  t h e i r
h i g h  m e l t i n g  p o i n t s  and t h e i r  e x trem e  h a r d n e s s e s .
G-oldschmidt.  has  r e c e n t l y  r e v i e w e d  t h e  p r o p e r t i e s  o f
15i n t e r s t i t i a l  a l l o y s  . ■
The p r i n c i p l e  r e q u i s i t e  f o r  f o r m in g  an i n t e r s t i t i a l  
compound b e tw een  two e l e m e n t s  i s  t h a t  t h e  a to m ic  d i a m e t e r -  
o f  one e l e m e n t  i s  v e r y  much s m a l l e r  th an  t h a t  o f  t h e  
o t h e r .  I n  t h i s  w ay ,  i t  i s  p o s s i b l e  f o r  t h e  s m a l l  a tom s  
t o  f i t  i n t o  th e '  s p a c e s ,  o r  l a y e r s ,  b e t w e e n  t h e  l a r g e r  
a t o m s .  G -eo m etr ica l  c o n s i d e r a t i o n s  sucfc as  t h e s e  l i m i t  
t h e  c h o i c e  o f  t h e  s m a l l e r  atom e l e m e n t s  t o  f o u r .  T h e se  
a r e  c a r b o n ,  h y d r o g e n ,  n i t r o g e n  and b o r o n ,  h a v i n g  a t o m i c  ; 
d i a m e t e r s  o f  1 . 5 4 ,  0 . 9 2 ,  1 . 4 7  and 1 . 7 4  ^ r e s p e c t i v e l y .
The m e t a l  atoms w h ic h  o c c u r  most  f r e q u e n t l y  a re  
t h o s e  o f  th e  t r a n s i t i o n  e l e m e n t s  o f  G-roups I V ,  V and  
V I .  T hese  i n c l u d e  t i t a n i u m ,  vanad ium , n i o b i u m ,  t a n t a l u m ,  
t u n g s t e n  and molybdenum.
T hese  compounds r e s e m b l e  m e t a l s  i n  many o f  t h e i r  
p r o p e r t i e s .  For e x a m p le ,  t h e y  have  a m e t a l l i c  l u s t r e  
and can e x i s t  o v e r  w ide  r a n g e s  o f  c o m p o s i t i o n .  Thus  
t h e y  m ig h t  more s u i t a b l y  be r e f e r r e d  t o  a s  a l l o y s  r a t h e r  
th a n  com pounds .  L ik e  m e t a l s  t h e y  a r e  e l e c t r i c a l  c o n d u c t o r s .
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On t h e  o t h e r  hand t h e y  are  e x t r e m e l y  hard and “b r i t t l e *
T h e i r  m e l t i n g  p o i n t s  a r e  v e r y  h i g h ,  and t h e y  o f t e n
decom pose  p e r i t e c t i c a l l y  i n t o  o t h e r  compounds p r i o r  t o
m e l t i n g .  The compounds t h u s  com bine  m e t a l l i c  c o n d u c t i v i t i e s ,
i o n i c  s t r u c t u r e s  and c o v a l e n t  h a r d n e s s e s .  Lye h a s  shown
t h a t  th e  b o n d in g  i n  t i t a n i u m ,  c a r b i d e  has  i o n i c ,  c o v a l e n t
1 6and m e t a l l i c  c o n t r i b u t i o n s
I f  one c o n s i d e r s  a c l o s e  p a c k e d  c u b i c  l a t t i c e  i t
can  b e  shown t h a t  an atom o f  d i a m e t e r  0*41 "a" can f i t -
i n t o  t h e  o c t a h e d r a l  s i t e s  i n  t h e  l a t t i c e ,  where " a ” i s
t h e  d i a m e t e r  o f  t h e  atoms i n  t h e  p a r e n t  l a t t i c e *  When
a l l  t h e  s i t e s  i n  t h e  p a r e n t  l a t t i c e  a r e  f i l l e d ,  t h e
c r y s t a l  h a s  t h e  sodium c h l o r i d e  t y p e  o f  s t r u c t u r e .
T h i s  l a t t i c e  i s  f r e q u e n t l y  d e f i c i e n t  i n  t h e  i n t e r s t i t i a l  '
17atom X. Hagg has  shown t h a t  s i m p l e  g e o m e t r i c a l ,  c o n c e p t s
such  as  t h o s e  o u t l i n e d  can a c c o u n t  f o r  th e  o b s e r v e d
s t r u c t u r e s  o f  many o f  t h e  i n t e r s t i t i a l  compounds.
H e x a g o n a l  s t r u c t u r e s  o f  t h e  n i c k e l  a r s e n i d e  s t r u c t u r e
a r e  o f t e n  fo u n d ,  t h e  most i m p o r t a n t  b e i n g  t u n g s t e n  c a r b i d e *
C a r b i d e s  o f  t h e  f o r m u la  M^ X e x i s t  w i t h  c l o s e  p a c k e d
h e x a g o n a l  m e t a l  atoms and X atoms i n  some o f  t h e
o c t a h e d r a l  s i t e s »
18R u n d le  has  p o i n t e d  o u t  t h a t  t h e  a d d i t i o n  o f  an 
i n t e r s t i t i a l  atom to  form t h e  MX compound o f t e n  i n v o l v e s  
a ch a n g e  i n  the  a r ra n g em en t  o f  th e  m e t a l  a toms t o  c l o s e
14
p a c k e d  c u b i c .  T h i s  ch a n g e  i s  f u r t h e r  e v i d e n c e  o f  c h e m i c a l
b o n d i n g .  I n  t h e  c a s e  o f  t h e  c a r b i d e s  o f  t h e  B .C .C .  m e t a l s ,
vanad ium ,  n io b iu m  and t a n t a l u m ,  t h e  change i s  n e c e s s a r y -
t o  p r o v i d e  l a t t i c e s  o f  a d e q u a t e  s i z e  t o  accommodate t h e
i n t e r s t i t i a l  a t o m s .  The m e t a l - m e t a l  bond d i s t a n c e  i s
i n c r e a s e d  by 10 t o  The i n t e r s t i t i a l  atoms t h e n
have  6 m e t a l l i c  n e i g h b o u r s  w i t h  bonds i n  m u t u a l l y
p e r p e n d i c u l a r  d i r e c t i o n s .  T h i s  a r ra n g em en t  can be form ed
by one h y b r i d  ( s p )  o r b i t a l  and two p o r b i t a l s .  R e s o n a n c e
b e t w e e n  t h e s e  bonds  w o u ld  make a l l  o f  them e q u i v a l e n t
and a l l o w  c u b i c  sym m etry .  T h i s  argum ent d o e s  n o t  a p p l y
t o  t h e  h e x a g o n a l  m e t a l s  t itanium,.,  . z i r c o n i u m  and h a f n iu m
w h ich  a l r e a d y  have o c t a h e d r a l  s i t e s  and a l s o  form,N aCl
19c a r b i d e s  and n i t r i d e s .  Hume-Rothery s u g g e s t e d  t h a t
t h e  change  o f  s t r u c t u r e  was t o  a l l o w  ea ch  m e t a l  t o  have
6 n o n - m e t a l l i c  n e i g h b o u r s  i n  m u t u a l l y  p e r p e n d i c u l a r
d i r e c t i o n s .  T h i s  w ould  n o t  be  t r u e  w i t h  a h e x a g o n a l .
l a t t i c e  w here  some o f  t h e  a n g l e s  w ould  have  t o  be 7 0 ° .
2 3T h is  f i t s  i n  w i t h  t h e  d sp h y b r i d  " o c t a h e d r a l "  o r b i t a l s ,
common i n  t h e s e  p a r t i c u l a r  m e t a l s .  The p i c t u r e  b u i l t
up o f  t h e  sodium  c h l o r i d e  i n t e r s t i t i a l  m a t e r i a l s  i s
2 3th u s  one  o f  m e t a l l i c  d sp bonds and n o n - m e t a l l i c  
2( s p ) p  o r b i t a l s ,  b o t h  o f  w h ic h  a r e  o c t a h e r d a l  and g i v e  
r i s e  t o  t h r e e  s e t s  o f  bonds  a t  r i g h t  a n g l e s . The n e e d  
t o  b r e a k  t h e s e  bonds  a c c o u n t s  f o r  t h e  l a c k  o f  d u c t i l i t y
i n  t h e s e  m a t e r i a l s .
T u n g s t e n  and molybdenum c a r b i d e s  (WC and Mo^C) 
form h e x a g o n a l  p h a s e s ,  t h e  form er  h a v i n g  t h e  n i c k e l  
a r s e n i d e  s t r u c t u r e  and th e  l a t t e r  h a v i n g  t h e  c l o s e  
p a c k e d  h e x a g o n a l  a r ra n g e m e n t  o f  m e t a l  a t o m s .  The r e a s o n  
f o r  t h i s  i s  p r o b a b l y  c o n n e c t e d  w i t h  th e  f a c t  t h a t  b o t h  
t h e s e  m e t a l s  commonly form ( d ^ s p )  h y b r i d s  w h ic h  a re  
d i r e c t e d  to w a r d s  t h e  c o r n e r s  o f  a t r i g o n a l  p r i s m .
The n i t r i d e s  form v e r y  s i m i l a r  compounds' t o  t h e  
c a r b i d e s .  T i ,  Z r ,  Hf,  V, Nb and Ta n i t r i d e s  a r e  a l l  
t h o u g h t  t o  form sodium c h l o r i d e  l a t t i c e s .  The b o n d in g  
i s  w eaker  t h a n  i n  t h e  c a r b i d e s ,  a s  i n , d i c a t e d  by a l o w e r i n g  
o f  m e l t i n g  p o i n t .  For e x a m p le ,  t i t a n i u m  c a r b i d e  ( T i C ) ,  
m e l t s  a t  3150°C and t i t a n i u m  n i t r i d e  ( T i N ) ,  a t ‘ 2 9 4 0 ° C .
To c o m p l e t e  a s t a b l e  o c t e t ,. t h e  n i t r o g e n  atom r e q u i r e s  
o n l y  t h r e e  e l e c t r o n s  from i t s  n e i g h b o u r i n g  s i x  m e t a l  
a t o m s .  On a v e r a g e  t h e  bonds form ed  a r e  o f  s t r e n g t h  h a l f  
an e l e c t r o n  as  compared w i t h  t h r e e  q u a r t e r s  i n  t h e  c a r b i d e s .  
I t  i s  p o s s i b l e  t h a t  th e  g r e a t e r  e l e c t r o n e g a t i v i t y  o f  t h e  
n i t r o g e n  atom adds a c e r t a i n  amount o f  i o n i c  c h a r a c t e r  
t o  th e  b o n d .
T anta lum  n i t r i d e  a l s o  forms a w u r t z i t e  p h a s e  w h i c h
>j g
Run dle  s u g g e s t s  i s  p r o b a b l y  Ta^N • S t a c k i n g  f a u l t s  a r e
known t o  o c c u r  i n  t h i s  p a r t i c u l a r  p h a se *  s i m i l a r  t o  t h o s e
2 0form ed i n  th e  w u r t z i t e  l a t t i c e  .
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C e r t a i n  ‘b o r i d e s  can a l s o  "be c o n s i d e r e d  as  i n t e r s t i t i a l
s t r u c t u r e s ,  a l t h o u g h  t h e  r a d i u s  r a t i o s  a r e  g r e a t e r  th a n
17t h e  0 , 5 9  v a l u e  q u o t e d  by Hagg . Many b o r i d e s  have a
v e r y  h i g h  s t r e n g t h  t o  w e i g h t  r a t i o  w h ich  com bin ed  w i t h
t h e i r  h i g h  m e l t i n g  p o i n t s  makes them o f  g r e a t  p o t e n t i a l
i m p o r t a n c e .  The d i b o r i d e s  o f  z i r c o n i u m ,  n i o b i u m ,
t i t a n i u m  and vanadium h a v e  h e x a g o n a l  s t r u c t u r e s ,  w i t h
c l o s e  p a c k e d  m e t a l  and b o r o n  l a y e r s  i n  b e t w e e n .  The
r e s u l t  i s  b e l i e v e d  t o  be a g r a p h i t i c  n e t  s t r u c t u r e  w i t h
s t r o n g  e l e c t r o s t a t i c  f o r c e s  b i n d i n g  t h e  m e t a l  and n o n -
21m e t a l  atoms t o g e t h e r  « The d i s t a n c e  b e tw e en  n e i g h b o u r i n g
atoms i s  much s m a l l e r  th a n  t h a t  b e t w e e n  a b oron  atom
and a m e t a l  a tom. T h e se  m a t e r i a l s  h a v e  t h e  t y p i c a l
p r o p e r t i e s  o f  th e  i n t e r s t i t i a l  compounds .  The ‘ e l e c t r i c a l
c o n d u c t i v i t y  o f  TiB^ i s  h i g h e r  th an  t h a t  o f  t i t a n i u m  m e t a l .
B o r i d e s  a r e  a l s o  forme'd h a v i n g  t h e  f o r m u la e  M^B^
and MBg. The MgB,- compounds are  s i m i l a r  t o  t h e  MB^
compounds, and i n v o l v e  only; a s i m p l e  r e a r r a n g e m e n t  o f  t h e
b oron  l a y e r s  t o  accommodate  t h e  e x t r a  a t o m s .  The MBg
compounds are  n o r m a l l y  formed w i t h  th e  r a r e - e a r t h  e l e m e n t s
o f  th e  l a n t h a n i d e  s e r i e s .  The s t r u c t u r e  i s  v e r y  s i m p l e ,
c o n s i s t i n g  o f  i n t e r l i n k i n g  p r i m i t i v e  cu b e s  o f  m e t a l  atoms
and boron o c t a h e d r a .  Higli c o n d u c t i v i t y  r e s u l t s  from
e x c e s s  o f  m e t a l  v a l e n c e  e l e c t r o n s .  M a g n e t ic  m e a s u r em e n t s
34-have  shown t h a t  t h e  M atoms c o r r e s p o n d  t o  M . B e c a u s e
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o f  th e  i n c r e a s e d  e l e c t r o n  d e n s i t y  i n  b o t h  t h e  B and M 
atoms a low  work f u n c t i o n  r e s u l t s *
c ) D e f o r m a t i o n  i n  I n t e r s t i t i a l  Compounds'
Much l e s s  i s  known about  d e f o r m a t i o n  p r o c e s s e s  in  
i n t e r s t i t i a l  m a t e r i a l s  th an  i n  m e t a l s .  In  g e n e r a l  t h i s  
has  b e e n  b e c a u s e  th e  i n h e r e n t  b r i t t l e n e s s  o f  i n t e r s t i t i a l  
m a t e r i a l s  has  l e d  p e o p l e  t o  b e l i e v e  t h a t  l i t t l e  or  no 
d e f o r m a t i o n  can t a k e  p l a c e  p r i o r  t o  f r a c t u r e *
S l i p  l i n e s  have f r e q u e n t l y  been  n o t e d  i n  t u n g s t e n  
c a r b i d e  g r a i n s .  The s l i p  l i n e s  a d j a c e n t  t o  h a r d n e s s
t e s t  i n d e n t a t i o n s  i n  s i n g l e  c r y s t a l s  have  been  a n a l y s e d  •
22 ■ by T a k a h a s h i  and F r i e s e  * They fo u n d  t h a t  t h e  h a r d n e s s
on {OOOlj f a c e s  was d o u b le  t h a t  on {*! 1 oo) f a c e s .  By
s u r f a c e  a n a l y s i s  t h e  s l i p  p l a n e s  were  shown t o ’ be o f  t h e
■type {1100}  • No b a s a l  s l i p  was o b s e r v e d  a t  room
t e m p e r a t u r e  and i t  was t h o u g h t  t h a t  t h i s  was b e c a u s e  o f
t h e  n e e d  t o  b rea k  t h r e e  t u n g s t e n - c a r b o n  bonds  i n  e a c h
u n i t  c e l l .  S l i p  on t h e  (l 1 00) can o c c u r  w i t h  t h e  b rea k in g -
o f  e i t h e r  two- o r  f o u r  bonds p e r  u n i t  c e l l .  I t  h a s  b e e n
s u g g e s t e d  t h a t  b a s a l  s l i p  m ig h t  be  p o s s i b l e  a t  e l e v a t e d
t e m p e r a t u r e s .  The s l i p  d i r e c t i o n  was t h o u g h t  t o  be
(1120^ r a t h e r  th a n  ^0001^, ,as t h e  form er  can d i s s o c i a t e
i n t o  ( l  1 23)  p a r t i a l  d i s l o c a t i o n s .
Some x - r a y  l i n e  b r o a d e n i n g  work has  b een  c a r r i e d  
' 23o u t  on t u n g s t e n  c a r b i d e  by Hendus e t  a l  . They e x a m in e d  .
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t u n g s t e n  c a r b i d e  p r e p a r e d  from t u n g s t i c  a c i d ,  and from  
p a r a t u n g s t a t e , and d e d u ce d  t h e  c r y s t a l  s i z e  and s t r a i n .  
They a l s o  p e r fo r m e d  e x p e r i m e n t s  on b a l l - m i l l e d  t u n g s t e n  
c a r b i d e  p o w d er ,  and m easu red  p a r a m e t e r s  on s i n t e r e d  
co m p a c ts  from d i f f e r e n t l y  t r e a t e d  p o w d e r s .  U s i n g  F o u r i e r  
a n a l y s i s , e K o v a l 1s k i i  exam in ed  i n d i v i d u a l  r e f l e c t i o n s  
o f  t u n g s t e n  c a r b i d e  p r e p a r e d  by c a r b u r i z i n g  t u n g s t e n
Q)
a t  v a r y i n g  t e m p e r a t u r e s  • He a l s o  fo u n d  m o s a i c  s t r u c t u r e
and r e d u c e d  i n t e n s i t y  i n  ground t u n g s t e n  c a r b i d e  b l o c k s .
T h i s  b r o a d e n i n g - c o u l d  be a n n e a l e d  o u t  a t  1 2 0 0 ° C .  The
a p p l i c a t i o n  o f  h y d r o s t a t i c  p r e s s u r e  a t  h i g h  t e m p e r a t u r e
has  b e e n  f o u n d  to  g i v e  r i s e  t o  x - r a y  l i n e  b r o a d e n i n g  and
25i n c r e a s e d  h a r d n e s s  when m easured  a t  room t e m p e r a t u r e  • 
A n n e a l i n g  s h a r p e n e d  t h e  r e f l e c t i o n s  and r e d u c e d  t h e  
h a r d n e s s e s .  H innuber  e t  a l  n o t e d  l i n e  b r o a d e n i n g  i n  
T u n g s te n  c a r b i d e  powder b a l l - m i l l e d  w i t h  c o b d l l  and  
a t t r i b u t e d  t h e  e f f e c t  t o  th e  p e n e t r a t i o n  o f  t h e  s u r f a c e
'  2.Sl a y e r s  o f  t h e  c a r b i d e  by c o b a l t  .
Bend t e s t s  have  been  p e r f o r m e d  on t u n g s t e n  c a r b i d e -
27c o b a l t  a l l o y s  by Luyckx • He o b s e r v e d  s l i p  l i n e s  m
t h e  t u n g s t e n  c a r b i d e  g r a i n s  and c o n c l u d e d  t h a t  p l a s t i c
d e f o r m a t i o n  was t a k i n g  p l a c e  p r i o r  t o  f r a c t u r e .
W i l l i a m s  has  r e v i e w e d  th e  h i g h  t e m p e r a t u r e ,
d e f o r m a t i o n  p r o p e r t i e s  o f  t h e  t r a n s i t i o n  m e t a l  c a r b i d e s
28
and compared them w i t h  NaCl and t h e  F .C .C .  m e t a l s  .
1 9
The s l i p  s y s t e m  h a s  b e e n  a n a l y s e d  as  ( i l l ] '  ^ 1 1 0 ^  and
t h e  c l e a v a g e  p l a n e  as  {l Oo) • D i s l o c a t i o n s  have  "been.
29o b s e r v e d  i n  t i t a n i u m  c a r b i d e  by H o l l o x  and Smallman ,
30and by W i l l i a m s  and S c h a l l  . S t a c k i n g  f a u l t s  a s s o c i a t e d
w i t h  d i s l o c a t i o n s  i n  { l 0 0 ^  p l a n e s  were  o b s e r v e d  by  
31V a h l d i e k  • I t  has  b een  found t h a t  n e u t r o n  i r r a d i a t i o n  
c a u s e s  an i n c r e a s e  i n  h a r d n e s s  i n  t i t a n i u m  c a r b i d e  and  
a l s o  i n  molybdenum c a r b i d e  (M O g C )^ .
d) B o n d in g  and D e f o r m a t i o n  i n  C o v a l e n t  M a t e r i a l s
A n o th e r  s e t  o f  m a t e r i a l s  whose  d e f o r m a t i o n  p r o p e r t i e s  
have  n o t  b e e n  g r e a t l y  s t u d i e d  i s  th e  c o v a l e n t  e l e m e n t s  
o f  G-roup ±VB. T h ese  i n c l u d e  diam ond,  s i l i c o n ,  t i n  and  
l e a d .  The s t r u c t u r e  o f  t h e  diamond i s  t h a t  o f  two i n t e r ­
l i n k i n g  f a c e  c e n t r e d  c u b e s ,  so  t h a t  each  c a r b o n  atom
3
has f o u r - f o l d  c o - o r d i n a t i o n .  T h i s  i s  c a u s e d  by sp
h y b r i d i z a t i o n  o f  th e  c a r b o n  a t o m s .  F u r t h e r  down G-roup IV
t h e  t e n d e n c y  i s  f o r  th e  e l e m e n t s  t o  become more m e t a l l i c .
Thus t i n  o c c u r s  i n  a t e t r a g o n a l  form ,  w h i l e  l e a d  i s  f a c e
c e n t r e d  c u b i c .
D i s l o c a t i o n  a r r a n g e m e n t s  ha v e  b e e n  s t u d i e d  i n  s i l i c o n
and germanium b e c a u s e  d e f e c t s  have  i m p o r t a n t  e f f e c t s
on t h e  . s e m i - c o n d u c t i n g  p r o p e r t i e s  o f  t h e s e  e l e m e n t s ,
33Read has  d e s c r i b e d  th e  d i s l o c a t i o n  g e o m e tr y  i n  germanium  
and d i s c u s s e d  t h e  e f f e c t  oh e l e c t r i c a l  p r o p e r t i e s  o f  
u n p a i r e d  e l e c t r o n s  c r e a t e d  by a d i s l o c a t i o n  l i n e  i n  t h e
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^  d i r e c t i o n  i n  a 1 p l a n e .  The f o r m a t i o n  o f  
su c h  a d i s l o c a t i o n  n e c e s s i t a t e s  t h e  b r e a k i n g  o f  c o v a l e n t  
bon ds  and i s  t h e r e f o r e  more l i k e l y  t o  o c c u r  i n  germanium  
t h a n  i n  diamond wh.ere t h e  c o v a l e n t  b o n d in g  i s  s t r o n g e r .  
X - r a y  l i n e  b r o a d e n i n g  s t u d i e s  h a v e  b e e n  made on germanium  
r o l l e d  b e t w e e n  s t e e l  s h e e t s  a t  300°C3/ f . The r e s i d u a l  
e l a s t i c  s t r a i n s  w e re  found t o  be lo w e r  than i n  m e t a l s .
No' p eak  s h i f t s  w e re  n o t e d  and i t  was c o n c l u d e d  t h a t  t h e r e  
were no s t a c k i n g  f a u l t s  p r e s e n t .
-D e fo r m a t io n  o f  diamond a t  h i g h  t e m p e r a t u r e  has  b e e n
3 5 3 6o b s e r v e d  by P h a a l  , and by Evans and W ild  • Diamonds
37i r r a d i a t e d  by n e u t r o n s  have e x h i b i t e d  l i n e  b r o a d e n i n g  •
O f ' t h e  r e m a i n i n g  m a t e r i a l s  ex a m in ed ,  a lum in iu m  
n i t r i d e  a l s o  had c o v a l e n t  b o n d i n g .  I t  has  t h e  w u r t z i t e  
s t r u c t u r e  form ed  by f o u r  t e t r a h e d r a l  bonds  p e r  a tom.
There  may b e  some s l i g h t  i o n i c  c h a r a c t e r  a b o u t  t h e  bond
\ 3+
c a u s e d  by th e  f o r m a t i o n  o f  weak i o n s  o f  t h e  t y p e  A1
and N3 “ 3 8 .
e ) X - r a y  L in e  B r o a d e n i n g ^
V a r i a t i o n s  i n  th e  b r e a d t h  o f  x - r a y  d i f f r a c t i o n
l i n e s  from powder  s p e c im e n s  w ere  n o t e d  by van A r k e l  i n  
3 91923 • Laue i n t r o d u c e d  t h e  c o n c e p t  o f  i n t e g r a l  b r e a d t h
t o  p u t  th e  work on a more q u a n t i t a t i v e  b a s i s .  By 
com par ing  t h e  c r y s t a l  l a t t i c e  t o  a d i f f r a c t i o n  g r a t i n g  
h e  d e r i v e d  an e x p r e s s i o n  w h ich  r e l a t e d  c r y s t a l  s i z e  t o
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b r o a d e n i n g ^ . T h i s  e x p r e s s i o n  i n c l u d e d  t h e  shape  f a c t o r  
c a l c u l a t e d  by S c h e r r e r .  In  many i n s t a n c e s  th e  e x p r e s s i o n  
d i d  n o t  f u l l y  e x p l a i n  t h e  b r o a d e n i n g  d a t a ,  f o r  two main  
r e a s o n s .  T h ese  w ere  t h a t  some o f  t h e  b r o a d e n i n g  w a s . 
c a u s e d  by m i c r o - s t r e s s e s , and t h a t  no a l l o w a n c e  was  
made f o r  i n s t r u m e n t a l  e f f e c t s .
The l a t t e r  can be  sum m arised  a s  b e i n g  due t o  two
I '1main t y p e s  o f  e f f e c t s  . The f i r s t  t y p e  i s  g e o m e t r i c a l  
f a c t o r s  such  a s  t h e  f i n i t e  s l i t  s y s t e m  on t h e  camera or  
d i f f r a c t o m e t e r  u s e d  and th e  n o n - i d e a l  g e o m e tr y  o f  t h e  
s p e c i m e n .  In  a powder camera t h e  d i a m e t e r  o f  a 
c y l i n d r i c a l  sp e c im en  w i l l  g i v e  r i s e  t o  a f i n i t e  l i n e  
b r e a d t h ,  w h i l e  any e c c e n t r i c i t y  i n  t h e  m o t io n  w i l l  a l s o  
c o n t r i b u t e  t o  the  b r e a d t h .  In  a d i f f r a c t o m e t e r  th e  
f l a t n e s s  o f  th e  s p e c im e n  and any d i s p l a c e m e n t  from th e  
f o c u s s i n g  c i r c l e ' w i l l  g i v e  r i s e  t o  b r o a d e n i n g .
P h y s i c a l  f a c t o r s  c a u s e d  by th e  p r o p e r t i e s  o f  x - r a y s  
c o n s t i t u t e  th e  s e c o n d  t y p e  o f  e f f e c t  . They i n c l u d e  t h e  
f i n i t e  w a v e l e n g t h  s p r e a d  o f  t h e  x - r a y  beam, and t h e  
f a c t  t h a t  t h e  w a v e l e n g t h  i s  n o t  m o n o c h r o m a t i c .  O ther  , 
f a c t o r s  a r e  a b s o r p t i o n  w i t h i n  th e  s p e c i m e n ,  and v a r i a t i o n  
i n  t h e  i n t e n s i t y  d i s t r i b u t i o n  a c r o s s  t h e  t a r g e t  o f  t h e  
x - r a y  t u b e »
I t  l a t e r  became th e  p r a c t i c e  t o  u s e  a w e l l  a n n e a l e d  
m e t a l  s p e c im e n  h a v i n g  no i n t r i n s i c  b r o a d e n i n g  t o  d e t e r m i n e
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th e  i n s t r u m e n t a l  e f f e c t .  Where p o s s i b l e ,  most w o r k e rs  
use' th e  same m a t e r i a l  a s  t h a t  u n d er  e x a m i n a t i o n .  The
method o f  a p p l y i n g  a c o r r e c t i o n  f o r  i n s t r u m e n t a l  b r o a d e n i n g
t o  th e  p r o f i l e s  under  c o n s i d e r a t i o n  depends  on th e  p a r t i c u l a r
method o f  a n a l y s i s  t o  be u s e d .
T here  a re  t h r e e  main  m eth o d s  o f  a n a l y z i n g  x - r a y  
l i n e  b r o a d e n i n g  d a t a .  T h e se  a re  t h e  i n t e g r a l  b r e a d t h ,  *
F o u r i e r  a n a l y s i s  and v a r i a n c e  m e t h o d s .  I n  i n t e g r a l  
b r e a d t h  a n a l y s i s  t h e  r e m o v a l  o f  i n s t r u m e n t a l  b r o a d e n i n g  
a l s o  d e p en d s  on a n . a s s u m p t i o n  a b o u t  t h e  m a t h e m a t i c a l  sh ap e  
o f  th e  d i f f r a c t i o n  p r o f i l e . .  I f  Cauchy s h a p e d  p r o f i l e s  
a re  a s su m ed ,  t h e  i n s t r u m e n t a l  i n t e g r a l  b r e a d t h  i s  
s u b t r a c t e d  from th e  t o t a l  b r o a d e n i n g  t o  l e a v e ’ t h e  
b r o a d e n i n g  due to  th e  s p e c im e n  a l o n e .  When a 'G a u s s ia n  
shape  i s  a ssu m ed  i t  i s  th e  s q u a r e s  o f  th e  i n t e g r a l  b r e a d t h  
v a l u e s  t h a t  a r e  em ployed .  I t  has b e e n  t h o u g h t  t h a t  
c r y s t a l  s i z e  b r o a d e n i n g  g i v e s  r i s e  t o  Cauchy d i s t r i b u t i o n s  
o f  d i f f r a c t i o n  p r o f i l e s ,  w h i l e  s t r a i n  d i s t r i b u t i o n s
Ip
a r e  G a u s s i a n  i n  ' c h a r a c t e r  • I n  order  t o  accommodate
t h i s ,  t h e  u s e  o f  a s i m p l i f i e d  v e r s i o n  o f  t h e  m a t h e m a t i c a l  .
e x p r e s s i o n  r e p r e s e n t i n g  t h e  c o n v o l u t i o n  o f  G a u s s i a n  and
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Cauchy e q u a t i o n s  h a s  r e c e n t l y  been a d v o c a t e d  • The 
t h r e e  methods  d e s c r i b e d  a r e  t h u s :
Cauchy: /3* = /3* + p s
/ * \ 2  / * \ 2 / * \ 2G a u s s ia n :  (/ST ) ) + ( / 3 5 )
23
/ * \ 2 / * \ 2 * *I n t e r m e d i a t e :  (/3T ) = (/3r ) + ^ T-.*/3s .
# *  
where /3r i s  th e  t o t a l  b r o a d e n i n g ,  /3S i s  th e  b r o a d e n i n g
*
due to  t h e  sp ec im en  a l o n e  a n d i s  th e  i n s t r u m e n t a l
b r o a d e n i n g .  The n o m e n c l a t u r e  u s e d  above  i s  t h a t  o f
H a l l ,  i n  w h ic h  /3 =/3cos0 /\  and yt f i s  th e  i n t e g r a l  b r e a d t h
e x p r e s s e d  i n  r a d i a n s .
There  i s  a f u r t h e r  d i f f i c u l t y  w i t h  t h i s  t y p e  o f
a p p ro a c h  nam ely  t h e  m eaning  o f  t h e  term l i n e  b r e a d t h .
Two d e f i n i t i o n s  are  i n  common u s e ;  t h e s e  a re  t h e  Laue
i n t e g r a l  b r e a d t h ,  w h ic h  i s  t h e  peak a r e a  d i v i d e d  by t h e
maximum p ea k  h e i g h t ,  and t h e  h a l f - p e a k  b r e a d t h .  The
l a t t e r  i s  t h e  a n g u la r  b r e a d t h  o f  t h e  p eak  a t  h a l f  t h e
h e i g h t .  The i n t e g r a l  b r e a d t h  i s  i n c o r p o r a t e d  i n  t h e
Laue e q u a t i o n ,  and t h u s  has  some t h e o r e t i c a l  j u s t i f i c a t i o n .
The h a l f  p eak  b r e a d t h  h a s  fo u n d  much u s e ,  as i t  i s  e a s i e r
t o  m easure  i n  c e r t a i n  i n s t a n c e s ,  and can be u s e d  when
t h e r e  i s .  no change  i n  p r o f i l e  s h a p e .  More r e c e n t l y  i n t e g r a l
b r e a d t h  v a l u e s  have  b e e n  c a l c u l a t e d  from F o u r i e r ,  a n a l y s i s
d a t a .  U s i n g  t h i s  t e c h n i q u e ,  th e  i n s t r u m e n t a l . e f f e c t s
are  rem oved a t  t h e  same t i m e ,  s o  t h a t  no a s s u m p t i o n  has
h-3t o  be made as  t o  peak  shape  .
S t o k e s  and W i l s o n  have p r o d u c e d  an e x p r e s s i o n  
r e l a t i n g  th e  b r o a d e n i n g  c a u s e d  by m i c r o s t r a i n s  t o  t h e  
a n g l e  o f  d i f f r a c t i o n ^ .  They a l s o  p o i n t e d  o u t  t h a t  th e  
s t r a i n  m easured  i n  a p a r t i c u l a r  d i r e c t i o n  i s  i n v e r s e l y
24-
p r o p o r t i o n a l  t o  t h e  v a l u e  o f  Young 1s modulus i n  t h a t
d i r e c t i o n .  I n  1949 H a l l  com bined t h e  e q u a t i o n s  o f  Laue
45and S t o k e s  and W i l s o n  o By p l o t t i n g  an a n g u l a r
f u n c t i o n  o f  th e  i n t e g r a l  b r e a d t h  a g a i n s t  2 s i n 0 / x  he
.was a b l e  to  s e p a r a t e  o u t  th e  e f f e c t s  due t o  s t r a i n  and
c r y s t a l  s i z e .  H a l l  a s su m ed  t h a t  t h e  b r o a d e n i n g  c a u s e d
by t h e  two e f f e c t s  was a d d i t i v e .  T h i s  a s s u m p t i o n  i s  o n l y
v a l i d  i f  t h e  d i s t r i b u t i o n s  o f  b o t h  c r y s t a l  s i z e  and s t r a i n
a r e  o f  a Cauchy t y p e «
S c h o e n i n g  c a l c u l a t e d  th e  m a t h e m a t i c a l  e x p r e s s i o n
r e p r e s e n t i n g  th e  c o n v o l u t i o n  o f  a Cauchy c r y s t a l  s i z e  
> 2, £
and a G-aussian s t r a i n  . A s i m p l i f i e d  v e r s i o n  o f  t h i s
4 3
e x p r e s s i o n  was u s e d  by H a id e r  and Wagner , who a l s o  
a d v o c a t e d  t h e  u s e  o f  t h e  q u a d r a t i c  e q u a t i o n :
( / $  ) ^ = -  1 + 1 6 £ 2 s i n ^ 0  ■
where D i s  th e  c r y s t a l  s i z e , £  i s  th e  s t r a i n ,  0 i s  B ragg
7a n g l e  and X I s  w a v e l e n g t h  , T h i s  e q u a t i o n  a s su m e s  t h a t  
e a c h  o f  t h e  co m p o n en ts  o f  t h e  t o t a l  b r o a d e n i n g  i s  G-aussian  
i n  s h a p e .  The r e s u l t s  o b t a i n e d  by t h e  q u a d r a t i c  method  
a r e  c l o s e s t  t o  t h o s e  o b t a i n e d  by F o u r i e r  a n a l y s i s .
M i t r a  and M i s r a  have r e c e n t l y  d e t e r m i n e d  t h e  v a l u e s  
b e i n g  c a l c u l a t e d  when v a r i o u s  s t r a i n  d i s t r i b u t i o n s  a re
.4 7assum ed ,
A d i f f e r e n t  a p p r o a c h - t o  l i n e  b r o a d e n i n g  has  b e e n
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t a k e n  by B e r t a u t ^ ,  and by Warren and A v e r b a c h ^ ,  who
have b e e n  a b l e  t o  r e l a t e  c r y s t a l  s i z e s  and s t r a i n s  t o
d e f i n i t e  p e a k  s h a p e s  by means o f  a F o u r i e r  t r a n s f o r m .
The peak  i s  d e f i n e d  i n  term s o f  i t s  F o u r i e r  t r a n s f o r m  and
can t h e n  be s e p a r a t e d  from i t s  i n s t r u m e n t a l  component
by t h e  m a t h e m a t i c a l  p r o c e s s  known as  c o n v o l u t i o n .  The
c o n v o l u t i o n ,  or  u n f o l d i n g  p r o c e s s ,  was i n t r o d u c e d  by.
5 o
S t o k e s  s e v e r a l  y e a r s  e a r l i e r  • He u s e d  t h e  F o u r i e r  
s e r i e s  r e p r e s e n t i n g  t h e  o b s e r v e d  and a n n e a l e d  p r o f i l e s  ‘ 
and by means o f  t h e  c o n v o l u t i o n  p r o c e s s ,  e l i m i n a t e d  
i n s t r u m e n t a l  b r o a d e n i n g  and t h e  e f f e c t  o f  t h e  Kcx^-Kal^ 
d o u b l e t .  T h i s  i s  now one o f  t h e  major s t e p s  i n  t h e  
W a rren -A v erb a ch  m eth o d .  S e v e r a l  o t h e r  m ethods  h ave  •
b e e n  a p p l i e d  f o r  th e  s e p a r a t i o n  o f  t h e  d o u b l e t ,  t h e  m o s t
51 52f r e q u e n t l y  u s e d  b e i n g  t h o s e  o f  J o n e s  and R a c h i n g e r  •
I t  has  b een  fo u n d  a d v i s a b l e  t o  s e p a r a t e  o u t  t h e  -Ko<
d o u b l e t  p r i o r  t o  u s i n g  th e  S t o k e s  p r o c e s s .  L a t e r  e x t e n s i o n s
o f  th e  t h e o r y  h a v e  r e a l i s e d  t h e  s i g n i f i c a n c e  o f  p eak
9 1 0s h i f t s  c a u s e d  by s t a c k i n g  f a u l t s  and t w i n s  and t h e
5 3
e f f e c t s  o f  s c r e w  d i s l o c a t i o n s  on th e p r o f i l e  .
A f u r t h e r  a n a l y t i c a l  t e c h n i q u e  now b e i n g  u s e d  i s
5 At h e  v a r i a n c e  method o f  W i l s o n  . I n  t h i s  t e c h n i q u e ,  
e a ch  p eak  i s  d e f i n e d  i n  te r m s  o f  i t s  s t a n d a r d  d e v i a t i o n  
from t h e  mean,  or  v a r i a n c e .  The method has t h e  main  
a d v a n t a g e . t h a t  v a l u e s  o f  v a r i a n c e  can r e a d i l y  be  s u b t r a c t e d
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from one a n o t h e r ,  so  t h a t  th e  i n s t r u m e n t a l  e f f e c t  can  
he rem oved w i t h o u t  making any  a p r i o r i  a s s u m p t i o n s  as  
to.  t h e  shape  o f  t h e  p r o f i l e .  H owever ,  a s t a t i s t i c a l  
method su ch  a s  t h i s  i s  e x t r e m e l y  d e p e n d e n t  on t h e  e x t e n t  
o f  t h e  t a i l s  o f  t h e  r e f l e c t i o n s  and h e n c e  on t h e  p r e c i s e  
p o s i t i o n i n g  o f  th e  b a c k g r o u n d .  By t r u n c a t i n g  t h e  h a c k -  
ground and c a l c u l a t i n g  s e v e r a l  v a l u e s  o f  v a r i a n c e ,  i t  
has  h e e n  fou n d  p o s s i b l e  t o  d e t e r m i n e  t h e  h a c k g r o u n d  
l e v e l ^ ^ •
The t h e o r y  b e h i n d  the  main m e th o d s  f o r  a n a l y s i n g  
l i n e  b r o a d e n i n g  d a t a  w i l l  he  g i v e n  i n  a p p e n d i c e s *
f )  C h o ic e  o f  S p e c i f i c  M a t e r i a l s
The two main  f a c t o r s  g o v e r n i n g  th e  ch o ice '  o f  
m a t e r i a l s  were  a v a i l a b i l i t y  and p u r i t y .  The m a t e r i a l s  
i n i t i a l l y  c o n s i d e r e d  a r e  shown i n  T a b l e  1 •  C o n s i d e r i n g  
t h e  e l e m e n t s  f i r s t ,  t i n  was above i t s  r e c r y s t a l l i z a t i o n  
t e m p e r a t u r e  and so b a l l - m i l l i n g  had no e f f e c t  on i t  o t h e r  
th a n  t o  w e ld  t h e  powder i n t o  lu m p s .  Diamond p o w d e r , 
a p a r t  from i t s  c o s t ,  was e x t r e m e l y  d i f f i c u l t  t o  work w i t h  
ow in g  to  x - r a y  a b s o r p t i o n  e f f e e t s - w h i c h  c r e a t e d  asym­
m e t r i c  p r o f i l e s ,  and made i n t e g r a l  b r e a d t h  m e a s u r em e n t s  
d i f f i c u l t .  S i l i c o n  and germanium, h o w e v e r ,  p r o v e d  t o  • 
b e  s u i t a b l e .  . They were r e a d i l y  a v a i l a b l e  in  h i g h  p u r i t y  
fo rm ,  and i t  was found t h a t  b a l l - m i l l i n g  i n d u c e d  l i n e  
b r o a d e n i n g  which  c o u l d  r e a d i l y  be  a n n e a l e d  o u t  under
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h y d r o g e n .  The p r o p e r t i e s  o f  t h e s e  two e l e m e n t s  w ere  
t h e r e f o r e  s t u d i e d  i n  more d e t a i l .
S e v e r a l  o t h e r  f a c t o r s  were  i m p o r t a n t  when c o n s i d e r i n g  
c h o i c e  o f  i n t e r s t i t i a l  m a t e r i a l s .  The major d i f f i c u l t y  
was c a u s e d  hy t h e  e f f e c t s  o f  n o n - s t o i c h i o m e t r y  and  
i m p u r i t i e s .  I n  a l l  c a s e s  c o m m e r c ia l  g r a d e s  were  u s e d .
The n o n - s t o i c h i o m e t r y  showed i t s e l f  a s  l i n e  s p l i t t i n g  and 
asymmetry o f  p r o f i l e s .  T h e se  c o u l d  have  b e e n  c a u s e d  by  
n o n - h o m o g e n e i t y ,  d e f e c t  s t r u c t u r e s ,  change  o f  c r y s t a l  
s y s t e m  or t h e  p r e s e n c e  o f  more th an  one  l a t t i c e . '  Oxygen  
and n i t r o g e n  atoms were  the  most l i k e l y  i m p u r i t i e s .
W ith  c e r t a i n  o f  t h e  a sy m m e tr ic  c a r b i d e s  th e  p r o f i l e s  
a f t e r  b a l l - m i l l i n g  w e re  s o  b r o a d  t h a t  t h e  e f f e c t s  of any  
i n i t i a l  asymmetry w e r e  swamped. I t  was t h e r e f o r e  d e c i d e d  
to  c a r r y  o u t  b a l l - m i l l i n g  e x p e r i m e n t s  on t h e s e  c a r b i d e s .  
T i t a n i u m ,  vanadium and z i r c o n i u m  c a r b i d e s  came w i t h i n  t h i s  
c a t e g o r y .
For  more e x t e n s i v e  w ork ,  n io b iu m  and t a n t a l u m  c a r b i d e s  
were th e  most  s u i t a b l e  f o r  s t u d y  and the  l a t t e r  was 
c h o s e n  on e co n o m ic  g r o u n d s .  Each o f  t h e s e  c a r b i d e s  n o r m a l l y  
c o n t a i n s  a f e w  p e r  c e n t  o f  t h e  o t h e r  m e t a l  i n  s o l i d  
s o l u t i o n  b u t  i t  was fou nd  t h a t  t h i s  gave  r i s e  t o  no p r o b l e m s ,  
TaC g ave  r i s e  t o  sharp sy m m e tr ic  r e f l e c t i o n s  i n  th e  aS‘ 
r e c e i v e d  c o n d i t i o n  and c o u l d  r e a d i l y  b e  a n n e a l e d  a f t e r  
b a l l - m i l l i n g .  T u n g s t e n  c a r b i d e  was a l s o  t h e  s u b j e c t  o f
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an e x t e n s i v e  s u r v e y  'because  o f  i t s  t e c h n o l o g i c a l  i m p o r t a n c e .
Two o t h e r  c a r b i d e s .  B.C and Cr?0 o , were  u n s u i t a b l eA- D d.
b e c a u s e  t h e i r  o r t h o r h o m b ic  s t r u c t u r e s  g ave  r i s e  t o  many 
o v e r l a p p i n g  r e f l e c t i o n s .  F l u o r e s c e n c e  p r o v e d  t o  be  a 
prob lem  w i t h  chromium, vanadium and t i a n i u m  compounds  
w i t h  th e  c o p p e r  r a d i a t i o n  u s e d  on t h e  d i f f r a c t o m e t e r ,  
and i t  g a v e  r i s e  t o  v e r y  h i g h  b a c k g r o u n d s ,  p a r t i c u l a r l y  
a t  h i g h  a n g l e s .  Some f l u o r e s c e n c e  was a l s o  n o t i c e d  
w i t h  z i r c o n i u m  compounds .
The n i t r i d e s  p r o v e d  more d i f f i c u l t  t o  o b t a i n  t h a n
t h e  c a r b i d e s  and I  am g r a t e f u l  t o  D r .  G-. M i l l e r  o f  Murex
> •
L i m i t e d  f o r  k i n d l y  l e t t i n g  me have  s a m p le s  o f  them and  
a l s o  some o f  th e  b o r i d e s .  I t  was fou nd  t h a t  t i t a n i u m  . 
n i t r i d e ,  l i k e  the  c a r b i d e ,  gave  a s y m m e tr ic  p r o f i l e s .
A s m a l l  amount o f  work was done w i t h  t h i s  m a t e r i a l  and  
a l s o  w i t h  t h e  h e x a g o n a l  n i t r i d e s ,  TaN and AIN. V e ry  
l i t t l e  work was done on b o r o n  n i t r i d e  b e c a u s e  o f  i t s  lo w  
a b s o r p t i o n  c h a r a c t e r i s t i c s  and s c a t t e r i n g  p o w e r .  Weak 
s c a t t e r i n g  was a l s o  a d i s a d v a n t a g e  w i t h  th e  t i t a n i u m  
compounds and a lum in iu m  n i t r i d e .
W ith  the  b o r i d e s ,  o n l y  e x p e r i m e n t s  on b a l l - m i l l i n g  
have  b een  c a r r i e d  o u t .  The lanthanu m  h e x a b o r i d e  s p e c im e n  
p r o v e d  t o  be v e r y  u s e f u l  a s  i t s  c r y s t a l l i n i t y  was e x c e l l e n t ,  
j u d g i n g  from t h e  s h a r p n e s s  o f  th e  d i f f r a c t i o n  p a t t e r n .
As i t  was p r i m i t i v e  c u b i c ,  i t  gave  many c o n v e n i e n t l y
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s p a c e d  r e f l e c t i o n s  and w a s "t h e r e f o r e  p a r t i c u l a r l y  u s e f u l  
f o r  d e t e r m i n i n g  i n s t r u m e n t a l  c o n s t a n t s .  M i l l i n g  e x p e r i m e n t s  
were  p e r f o r m e d  w i t h  the  MBg compounds ,  h u t  o n l y  a l i m i t e d  
amount o f  work c o u l d , h e  done on t h e  compounds as
t h e  p r o f i l e s  t e n d e d  t o  o v e r l a p  owing t o  t h e  v e r y  l a r g e  
c - s p a c i n g  o f  t h e  u n i t  c e l l .
A g e n e r a l  s u r v e y  o f  t he  t e c h n i q u e s  e m p l o y e d ,  and 
t h e  e f f e c t s  o f  m i l l i n g  on a l l  t h e s e  m a t e r i a l s  w i l l  he  
g i v e n  i n  t h e  n e x t  c h a p t e r s .  L a t e r  c h a p t e r s  w i l l  g i v e  
a c c o u n t s  o f  t h e  s p e c i a l  e f f e c t s  n o t e d  w i t h  s p e c i f i c  
m a t e r i a l s •
\
r
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T a bl e  1 -  M a t e r i a l s  C o n s i d e r e d
M a t e r i a l L a t t i c e  Type S u p p l i e r C o n c l u s i o n
Diamond Diamond T r i e f u s E x p e n s i v e ,  A b s o r p t i o n  
d i f f i c u l t i e s
S i l i c o n Diamond K o c h - L i g h t Good p r o f i l e s ,  Low  
i n t e n s i t y
Germanium Diamond K o c h - L i g h t Good p r o f i l e s
Tin T e t r a g o n a l F i s o n s No l i n e  b r o a d e n i n g
v Ortho rhombic K o c h - L i g h t Too many r e f l e c t i o n s
Cr3 C 2 Orthorhombic
Hoy C a r b i d e s Too many r e f l e c t i o n s ,  
F l u o r e s c e n c e
MOgC C . P . H . l u r e x Good p r o f i l e s
¥C "NiAs" / Murex,
Hoy C a r b i d e s Good p r o f i l e s
NbC "NaCl" Mur ex Good pro f i l e s
TaC "NaCl" Murex Good p r o f i l e s
TiC "NaCl" Murex Asymmetr i c  p r o f i l e s ,  
Low i n t e n s i t y
VC "NaCl” ; K o c h - L i g h t Asymmetr i c  p r o f i l e s ,  
F l u o r e s c e n c e
ZrC "NaCl" K o c h - L i g h t Asymme tr ic  p r o f i l e s
ZrC "NaCl" Murex Broad p r o f i l e s
AIN ¥ u r t z i t e Murex Good p r o f i l e s ,  Low 
i n t e n s i t y
TaN ' ¥ u r t z i t e Murex Good p r o f i l e s
TiN .'■"NaCl"' Murex Asymmet r i c  p r o f i l e s
BN G r a p h i t e 2 0 t h  Cento  
E l e c t r o n i c s
Low i n t e n s i t y ,  
A b s o r p t i o n
M02B5 Rhombohedral K o c h - L i g h t
Too many r e f l e c t i o n s
¥ 2B5 H e x a g o n a l
Murex Too many r e f l e c t i o n s
NbB„ H e x a g o n a l
ma i b 2 "
Murex Good p r o f i l e s
T i B2 He xa g on a l
"AlB2 n
Murex Good p r o f i l e s ,  Low 
i n t e n s i t y
ZrB2 H e x a g o n a l
•’A1B »0
K o c h - L i g h t Good p r o f i l e s
L aB ^
c.
P r i m i t i v e
Cubic
Murex Good pr  o f i l e s
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CHAPTER TWO 
EXPERIMENTAL METHODS
a )  B a l l - m i l l i n g
B a l l - m i l l i n g  was c h o se n  a s  t h e  p r i n c i p l e . met hod  o f  
d e f o r m i n g  t h e  m a t e r i a l s .  The i n t e r s t i t i a l  compounds  
ar e  n o r m a l l y  made by powder m e t a l l u r g y  and were  r e a d i l y  
a v a i l a b l e  i n  powder  form,  w h i l s t  t h e  c o v a l e n t  e l e m e n t s  
c o u l d  a l s o  be o b t a i n e d  as  p o w d e r s .  D u r i ng  t h e i r  
f a b r i c a t i o n  by powder m e t a l l u r g y ,  b a l l - m i l l i n g  p l a y s  a 
m a j o r  r o l e .  A n o t h e r  a d v a n t a g e  o f  b a l l - m i l l i n g  as  o p p o s e d  
t o  f i l i n g ,  f o r  i n s t a n c e ,  i s  t h a t  by v a r y i n g  t h e  t i m e  
o f  m i l l i n g  one can v a r y  the  e n e r g y  i n p u t . t o  t h e  powder  
and h e n c e  t h e  amount o f  d e f o r m a t i o n .
To c a r r y  o u t  a s u r v e y  on t h e  i n t r o d u c t i o n  o f  s t r a i n  
i n t o  t h e  m a t e r i a l s ,  t h e y  w ere  e a ch  b a - l l - m i l l e d  i n  t h e '  
same p o t  f o r  t h e  same t im e  u n d e r  t h e  same c o n d i t i o n s .
The b a l l - m i l l  u s e d  was a sam ple  m ix e r  m i l l ,  M280, r e t a i l e d  
by G-len C r e s t o n  L i m i t e d .  The a c t i o n  was v i b r a t o r y  p r o d u c e d  
by an e c c e n t r i c  b e a r i n g  mounted on a motor r u n n i n g  a t  
a p p r o x i m a t e l y  7 5 0  r . p . m .
As o n l y  s m a l l  amounts  were  n e e d e d  a l l  t h e  b a l l -  i 
m i l l i n g  was done i n  a s m a l l  p o t  o f  7 nil c a p a c i t y .  T h i s  
p o t  was a l s o  s o l d  by G-len C r e s t o n  and had a i  i n c h  
d i a m e t e r  t u n g s t e n  c a r b i d e  b a l l  and hard m e t a l  end c a p s .
The l i n i n g s  were  made o f  ' l u c i t e '  and were i n t e r c h a n g e a b l e .
32
A new l i n i n g  was u s e d  f o r  each  m a t e r i a l .  ’ A l l  s a m p l e s  
were 1 m l .  A f o u r  hour m i l l i n g  t i m e  was u s e d  f o r  t h e  
s u r v e y ,  t h e  m i l l  b e i n g  s w i t c h e d  o f f  a f t e r  i  hour  p e r i o d s  . 
t o  a l l o w  t h e  b e a r i n g s  and t h e  m a t e r i a l  i n  t h e  p o t  t o  c o o l .
I n  l a t e r  e x p e r i m e n t s , where  more m a t e r i a l  was n e e d e d ,  
s e v e r a l  m o d i f i c a t i o n s  were  made t o  t h e  p o t s .  A much 
l a r g e r  t u n g s t e n  c a r b i d e  p o t  c a p a b l e  o f  m i l l i n g  10 
gram s am p le s  was p u r c h a s e d ,  and was u s e d  e x c l u s i v e l y  f o r  
m i l l i n g  t u n g s t e n  c a r b i d e .  The e x i s t i n g  p o t s  w ere  r e - d e s i g n e d  
and s e v e r a l  new p o t s  were  c o n s t r u c t e d  from p e r s p e x  t u b e s  
w i t h  t u n g s t e n  c a r b i d e  end c a p s .  S e v e r a l  p o t s  o f  t h e . s a m e  
s i z e  as  t h e  o r i g i n a l  tungs t en '  c a r b i d e  p o t  were  d r i l l e d  
from a p e r s p e x  r o d  and were  u s e d  f o r  m i l l i n g  w i t h  p e r s p e x  
b a l l s .  I t  became s t a n d a r d  p r a c t i c e  t o  run  t h e  m i l l  f o r  
i  hour  p e r i o d s  when u s i n g  t h e  t u n g s t e n  c a r b i d e  p o t s  and 
f o r  1 hour  p e r i o d s  when u s i n g  t h e  p e r s p e x  p o t s .  \
b ) D i f f r a c t o m e  t r y
For t h e  e x a m i n a t i o n  o f  m a t e r i a l s  by t h e  x - r a y  
d i f f r a c t o m e t e r ,  s p e c i m e n s  were  made by p r e s s i n g  t h e  
m a t e r i a l  i n t o  an a l umi ni um s p e c i m e n  h o l d e r  2 cm x  1 cm 
x 2 mm d e e p .  I t  was found t h a t  b e t t e r  r e s u l t s  c o u l d  be  
o b t a i n e d  by p a r t l y  b l a n k i n g  o u t  t h e  s p e c i m e n  h o l d e r  w i t h  
p e r s p e x ,  thus  making the  d e p t h  a b o u t  1 mm. T h i s  had t h e  
e f f e c t  o f  r e d u c i n g  the  i n t e n s i t y  o n l y  s l i g h t l y ,  b u t  
d e c r e a s i n g  t h e  asymmetry  o f  l ow a n g l e  p e a k s  from m a t e r i a l s
23
o f  l ow a b s o r p t i o n  f a c t o r .
A P h i l i p s  PW1050 x - r a y  g o n i o m e t e r  w i t h  a PW1965  
p r o p o r t i o n a l  c o u n t e r  and a PW1 051 e l e c t r o n i c  p a n e l  were  
u s e d  t o  r e c o r d  t h e  p r o f i l e s .  The x - r a y  g e n e r a t o r  was a 
P h i l i p s  PW1010 f i t t e d  w i t h  a s e a l e d  o f f  c op pe r  t u b e .  Wi t h  
t h e  e x c e p t i o n  of some o f  t h e  work on diamond a l l  t h e  work  
was done w i t h  n i c k e l  f i l t e r e d  r a d i a t i o n .  Por t h e  e v a l u a t i o n  
o f  i n t e g r a l  b r e a d t h s  and P o u r i e r  c o e f f i c i e n t s  v e r y  s l o w  
s c a n n i n g  s p e e d s  o ve r  each r e f l e c t i o n  were  made.  T h e s e  
were e i t h e r  ^ or J  d e g r e e s  p er  m i n u t e ,  t h o u g h  i n  t h e  
c a s e  o f  some v e r y  b r o a d  p e a k s  ■§■ d e g r e e  per  mi n ut e  was  
u s e d .  Low t i m e  c o n s t a n t s  o f  one or  two s e c o n d s  we re  u s e d  
so t h a t  the  i n s t r u m e n t  was  r u n n i n g  a t  i t s  most  s e n s i t i v e  
c o n d i t i  o n •
Three  s e t s  o f  i n c i d e n t  and r e c e i v i n g  s l i t s  were  u s e d  
t o  i r r a d i a t e  a . s u i t a b l e  a r e a  o f  s p e c i m e n .  4 ° s l i t s  were  
u s e d  a bo v e  8 0 ° 2 0 , 2° from 8 0 ° 20  t o  4 0 ° 2 0 , and 1 °'  
s l i t s  b e l o w  4 0 °  2 0 .  A 0 . 1  mm s c a t t e r  s l i t  was u s e d . w i t h  
t h e  2 ° and 1 0 s l i t s  and a 0 . 2  mm s c a t t e r  s l i t  w i t h  t h e  4 ° 
s l i t s .  When r e f l e c t i o n s  o c c u r r e d  a t  j u s t  o v e r  4 0 °  and .. * ,
80°  i t  was fou nd  t o  be a d v a n t a g e o u s  t o  do t h e  t r a c e  w i t h  
b o t h  s e t s  o f  s l i t s .
c )  Methods  o f  E v a l u a t i n g  L i n e  B r o a d e n i n g
Of t h e  methods  a v a i l a b l e  f o r  e v a l u a t i n g  x - r a y  l i n e  
b r o a d e n i n g  i t  was d e c i d e d  t o  u s e  t h e  i n t e g r a l  b r e a d t h
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method f o r  t he  h u l k  o f  t h e  work.  T h i s  was b e c a u s e  o f  
t h e  e a s e  w i t h  wh i ch  t h e  i n t e g r a l  b r e a d t h  can be m e a s u r e d ,
i
w h e r e a s  t h e  F o u r i e r  and v a r i a n c e  methods  both,  e n t a i l  l o n g  
c a l c u l a t i o n s . N e v e r t h e l e s s  i t  was t h o u g h t  d e s i r a b l e  t o  
c h e c k  s e l e c t e d  d a t a  by c a l c u l a t i n g  t h e  F o u r i e r  c o e f f i c i e n t s ,  
and i n  one  c a s e  v a r i a n c e  was a l s o  u s e d .  Computer programs  
w e re  d e v i s e d  f o r  b o t h  F o u r i e r  a n a l y s i s  and v a r i a n c e  and  
w i l l  be g i v e n  i n  a p p e n d i c e s .
To d e t e r m i n e  t h e  i n t e g r a l  b r e a d t h  i t  i s  f i r s t  n e c e s s a r y  
t o  d e t e r m i n e  t h e  i n t e g r a t e d  i n t e n s i t y  o f  t h e  p e a k .  T h i s  
i s  i n  f a c t  the  a r e a  un de r  t h e  d i f f r a c t o m e t e r  t r a c e .  I t  
was f o u n d  t h a t  the  s i m p l e  method o f  s q u a r e  c o u n t i n g  was  
a d e q u a t e  f o r  d o i n g  t h i s .  P l a n i m e t r y  and t h e  c u t t i n g  o u t  
and w e i g h i n g  o f  the  t r a c e s  were  a l s o ,  c o n s i d e r e d .
P l a n i m e t r y  r e q u i r e s  e l a b o r a t e  s e t t i n g  up o f  t h e  i n s t r u m e n t ,  
w h i l e  s q u a r e  c o u n t i n g  can be done a t  any c o n v e n i e n t  t i m e  
d u r i n g  t h e  d ay .  C u t t i n g  o u t  and w e i g h i n g  was d i s r e g a r d e d  
b e c a u s e  i t  i s  d e s t r u c t i v e .  As the  d i f f r a c t o m e t e r  was  
n o t  f i t t e d  w i t h  s t e p  s c a n n i n g  and p r i n t  f a c i l i t i e s ,  
compu t i ng  methods  f o r  d e t e r m i n i n g  i n t e g r a l  b r e a d t h  were  
n o t  c o n s i d e r e d  worth  w h i l e  u n l e s s  o r d i n a t e  v a l u e s  were  
punched  up f o r  o t h e r  l i n e  b r o a d e n i n g  c o m p u t a t i o n s  s u c h  
as F o u r i e r  a n a l y s i s  or  v a r i a n c e e
The e n t i r e  a r e a  o f  th e  peak was c o u n t e d  and 2 / 3  
o f  t h i s  a r e a  was ta k e n  as  b e i n g  t h e  c o n t r i b u t i o n .  The . 
peak  h e i g h t  was d e t e r m i n e d  by R a c h i n g e r ' s  m e t h o d ^ /  T h i s
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method i s  w e l l  known and w i l l  not  be d e s c r i b e d  h e r e .  I t s  
i m p l e m e n t a t i o n  i s  i l l u s t r a t e d  i n  F i g .  1 • The i n t e g r a l  b r e a d t h  
i s  o b t a i n e d  s i m p l y  by dividing i t  he c o n t r i b u t i o n  by t h e  
peak h e i g h t . ’
With c e r t a i n  m a t e r i a l s  i t  was i m p o s s i b l e  t o  a n n e a l  t h e  
m a t e r i a l  w e l l  enough t o  o b t a i n  s a t i s f a c t o r y  r e a d i n g s  f o r  
i n s t r u m e n t a l  b r o a d e n i n g .  In  such c a s e s  i n s t r u m e n t a l  b r e a d t h s  
were i n t e r p o l a t e d  from t h e  v a l u e s  o b t a i n e d  f o r  l ant hanum h e x a -  
b o r i d e .  T h i s  m a t e r i a l  had t h e  s h a r p e s t  p r o f i l e s  e v e r  s e e n  i n  
t h i s  l a b o r a t o r y ,  and ,  b e i n g  p r i m i t i v e  c u b i c ,  had many c o n v e n ­
i e n t l y  s p a c e d  r e f l e c t i o n s .  The i n s t r u m e n t a l ,  c o r r e c t i o n  t o  i n t ­
e g r a l  b r e a d t h  was found t o  be h i g h e r  a t  t h e  l o w e r  a n g l e  end o f  
a g i v e n  s l i t  s y s t e m  t h an  a t  t h e  h i g h e r  e n d .  T h i s  i s  b e c a u s e  
t h e  h i g h e r  i s  the  a n g l e ,  t h e  l a r g e r  i s  t h e  a r e a  b e i n g  i r r a d i a t e d  
and t h e  l a r g e r  a r e  t h e  g e o m e t r i c a l  e r r o r s .  I t  was f o u nd  t h a t  
t h e  i n s t r u m e n t a l  c o r r e c t i o n s  v a r i e d  v e r y  s l i g h t l y  when t h e  x - r a y  
t u b e  was removed  f o r  s e r v i c i n g .  The v a r i a t i o n  was s u f f i c i e n t l y  
s m a l l  t o  be i g n o r e d .
The method u s e d  f o r  s e p a r a t i n g  t h e  i n s t r u m e n t a l  b r e a d t h  was  
t h e  one i n t e r m e d i a t e  b e t w e e n  Cauchy and G-uass ian d e s c r i b e d  i n  
C h a p t er  One.  The d i f f e r e n c e s  t h a t  r e s u l t . from u s i n g  t h i s  
e x p r e s s i o n  r a t h e r  than- the  Cauchy or G-uassian e x p r e s s i o n s  w i l l  
be i l l u s t r a t e d  i n  Chapter  F i v e .
The o r i g i n a l  H a l l  met h od  o f  s e p a r a t i n g  c r y s t a l  s i z e
* -j *
and s t r a i n  u s e d  t h e  e q u a t i o n  f t  =—+ £d where  D i s  t h e  c r y s t a l  
d i m e n s i o n  p e r p e n d i c u l a r  to  t h e  s e t  o f  p l a n e s  under  
c o n s i d e r a t i o n  and £ i s  the  s t r a i n .  . I t  i s  now more u s u a l
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* 1 *
t o  d e f i n e  t h e  s t r a i n  as  A d / 2d so t h a t  (i =^-+2£d • Some 
o f  the  work h a s  b e e n  done w i t h  t h e  H a l l  method b u t  t h e  
m a j o r i t y  o f  t h e  work has  b e e n  done w i t h  t h e  Q u a d r a t i c  m e t ho d  
o f  Wagner,  whi ch  g i v e s  r e s u l t s  t h a t  a r e  n e a r e r  t o  t h e  v a l u e s  
o b t a i n e d  by  F o u r i e r  A n a l y s i s .  G r a p h i c a l  methods  have  b e e n  u s e d  
t o  i l l u s t r a t e  the  r e s u l t s ,  b u t  many o f  t h e  v a l u e s  q u o t e d  f o r  
s p e c i f i c  d i r e c t i o n s  have  b e e n  c a l c u l a t e d  from t h e  e q u a t i o n s . .
The F o u r i e r  A n a l y s i s ' m e t h o d  r e q u i r e s  two t r a c e s  o f  
t h e  same p e a k s ,  one  from a we' l l  a n n e a l e d  m a t e r i a l ,  and  
one  from a worked m a t e r i a l .  D u r i n g  t h e  c o u r s e  o f  t h e  work  
d i f f e r e n t  p r o c e d u r e s  we r e  e v o l v e d  f o r  e v a l u a t i n g  t h e
F o u r i e r  c o e f f i c i e n t s .  I n  t h e  e a r l y  s t a g e s  summat ion was .
56c a r r i e d  o u t  u s i n g  B e e v e r s  L i p s o n  s t r i p s  , and no a t t e m p t  
was made t o  s e p a r a t e  o u t  t h e  and compon en t s  o f  t h e  
r e f l e c t i o n  b e f o r e h a n d .  S t e p  c o u n t i n g  was u s e d  i n s t e a d  
o f  c h a r t  r e c o r d i n g ,  on t h e  d i f f r a c t o m e t e r .  The who l e  
p r o c e s s  was e x t r e m e l y  t i m e  consumi n g  and i t  t o o k  o v e r  a 
day t o  c a l c u l a t e  the  F o u r i e r  c o e f f i c i e n t s  f o r  one  p e a k .
L a t e r ,  a c c e s s  t o  computers  r e l i e v e d  t h e  bu rd en  on t h e  
m a t h e m a t i c a l  s i d e  and t e s t s  showed t h a t  t h e r e  was no  
a d v a n t a g e  t o  be g a i n e d  from s t e p  c o u n t i n g .  P e a k  s h i f t s  
a s s o c i a t e d  w i t h  e x p a n s i o n  o f  t h e  l a t t i c e  i n  b r o a d e n e d  
r e f l e c t i o n s  c a u s e d  l a r g e  s i n e  t e rms  and i t  was d e c i d e d  
t o  r e s o l v e  t h e  component  c o m p l e t e l y  and i n s e r t  t h e  
d a t a  so t h a t  t h e  o r i g i n s  o f  t h e  i n s t r u m e n t a l  and b r o a d e n e d
p e a k s  c o i n c i d e d .
The p r o c e d u r e  a d o p t e d  f o r  d e t e r m i n i n g  t h e  o r d i n a t e s
i s  shown i n  F i g .  1 .  Two r e f l e c t i o n s  a r e  shown,  t h e
a n n e a l e d  or i n s t r u m e n t a l ,  and t h e  b r o a d e n e d .  R a c h i n g e r ' s
method was  u s e d  t o  r e s o l v e  the  o<  ^ component  c o m p l e t e l y  and
i n s e r t  t h e  d a t a  so t h a t  t h e  o r i g i n s  o f  t h e  i n s t r u m e n t a l
and b r o a d e n e d  pe ak s  c o i n c i d e d .  A peak s h i f t  had o c c u r r e d
and t h e  o r i g i n s  were  a t  g ( 0 ) f o r  t h e  i n s t r u m e n t a l  and
h ( 0 )  f o r  the  b r o a d e n e d .  S t o k e s  c o n v o l u t i o n  method was
t h e n  a p p l i e d  t o  e v a l u a t e  t h e  F o u r i e r  c o e f f i c i e n t s  and t o
remove the  e f f e c t  c a u s e d  by i n s t r u m e n t a l  b r o a d e n i n g .
An i n t e g r a l  x was t a k e n  on t h e  a b s c i s s a  o f  t h e  a n n e a l e d  
&
c u r v e  s u ch  t h a t  t h e  b a c k g r o u n d  l e v e l  was r e a c h e d  a t  v a l u e s
o f  a p p r o x i m a t e l y  +30 and - 3  0 .  T h i s  was n o t  c r i t i c a l  and
f o r  c o n v e n i e n c e  t h e  a n g u l a r  e q u i v a l e n t s  o f  x  w ere  ta k e n
6
as  . O 1 2 3 ° 2 0 ,  . O25°20j  and , O5 ° 2 0  a c c o r d i n g  t o  t h e  a n g l e  .
o f  t h e  r e f l e c t i o n  and t h e  b r e a d t h  o f  t h e  p e a k .  The se
v a l u e s  we re  t a k e n  t o  c o r r e s p o n d  t o  t h e  l i n i n g  o n ' t h e
c h a r t  p a p e r .  For^ e a c h  x  v a l u e  t h e  c o r r e s p o n d i n g  g ( x )
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v a l u e  o f  t h e  o r d i n a t e  was d e t e r m i n e d .  The same p r o c e d u r e
was a d o p t e d  w i t h  t h e  b r o a d e n e d  p e a k .  I n  t h i s  c a s e  t h e  '
i n t e r v a l  was x^ and was t a k e n  so t h a t  x^ was a s i m p l e
m u l t i p l e  o f  x  . As i d e n t i f i e r s  i n  t h e  computer  p r o gr a m,
& •
t h e  t e r m i n a l  p o i n t s  f o r  x^ were  d e f i n e d  as f i r s t x  and  
l a s t x .  F i r s t x  c o r r e s p o n d e d  t o . a n g l e  0^ ,  l a s t x  t o  a n g l e
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0 ^,  and t h e  b r o a d e n e d  peak p o s i t i o n  t o  0 . Where t h e r e  2 o
c ■ ' ■
were  more x v a l u e s  t h an  x, , t h e  f i r s t x  and l a s t x  S 11 •
v a l u e s  were  d e f i n e d  as  t h e  l i m i t s  o f  t h e  x v a l u e s .  T h e s e
g
p a r a m e t e r s  are  shown i n  F i g ,  1 .  F i r s f x ,  l a s t x ,  0^ ,  0^
and two v a l u e s  t o  d e f i n e  t h e  r e q u i r e d  r e s o l u t i o n  o f  t h e
s e r i e s  w e r e  f e d  i n t o  t h e  c o m p u t e r .  The pr og r am,  w r i t t e n
i n  ALG-OL f o r  an ELLIOTT 503 c o m p u t e r ,  i s  g i v e n  i n  an
a p p e n d i x , '  t o g e t h e r  w i t h  t y p i c a l  i n p u t  and o u t p u t  d a t a .
The r e s u l t a n t  o u t p u t  g i v e s  A ( L ) ,  B(L)  and L.  A(L)  and
B(L)  are  r e s p e c t i v e l y  t h e  c o s i n e  and s i n e  c o e f f i c i e n t s
c o r r e s p o n d i n g  t o  t h e  column l e n g t h  L,  L wa s c a l c u l a t e d
from t h e  e q u a t i o n ,  L = n ' a ^ ' ,  The v a l u e s  f o r  a ^  ! were
d e t e r m i n e d  from the  t a i l s  o f  t h e  r e f l e c t i o n s  and t h e  peak'
p o s i t i o n s  0 Q. In  the  t h e o r e t i c a l  e q u a t i o n ,  L=na^ where
• ^ 3 = ( s i n 0^ - s i n 0 o ) a^ i s  t h e  l a t t i c e  s p a c i n g  normal  t o
t h e  r e f l e c t i n g  p l a n e s  and n i s  t h e  number o f  u n i t s
d i f f r a c t i n g .  Ass umi ng  t h a t  s i n 0 o- s i n 0  = s i n 0  - s i n 0 ,  , t h i s2 o o i
e x p r e s s i o n  s i m p l i f i e s  t o  a , =  7-7— :—£  :—7—n As t r u e  n ^ r 3 2 ( s i n 0 2 - s m 0^J ,
v a l u e s  f o r  t h e  s e r i e s ,  v i s u a l i z e d  by S t o k e s  w e r e  n o t  
c a l c u l a t e d  u n l e s s  f i r s t x  and l a s t x  were  e a c h  3 0 , t h e  
above  v a l u e  had t o  be m u l t i p l i e d  by a f a c t o r  ( l a s t x  
f i r s t x ) / 6 0 • True L v a l u e s  were  t h e n  o b t a i n e d .
The n e x t  s t e p  was t o  p l o t  g r a p h s  o f  . A^ a g a i n s t  L 
f o r  a l l  t h e  r e f l e c t i o n s . S t r a i n  and c r y s t a l  s i z e  
c o e f f i c i e n t s  were  t hen  s e p a r a t e d  b y  p l o t t i n g  l o g  A^ •
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2 2 2 2 2 a g a i n s t  h Q (=h +k +1 ) f o r  c u b i c s  o r  1 /  d f o r  o t h e r
s y s t e m s .  The r e l e v a n t  e q u a t i o n  i s  51?- 2 T^L2 <^2) / d 2 .
PF 'The At v a l u e s  a r e  t h e  c o r r e c t e d  F o u r i e r  c o e f f i c i e n t s  •li
c o r r e s p o n d i n g  t o  c r y s t a l  s i z e  and f a u l t i n g .  S e l e c t e d
v a l u e s  o f  L were  t a k e n  from the  f i r s t  s e t  o f  g r a p h s .
Where m u l t i p l e  ' o r d e r s  were  p r e s e n t  t h e y  were  u s e d c V a l u e s  
PFo f  At were  t he n  e x t r a p o l a t e d  and t h e  s t r a i n  c a l c u l a t e d  L
from t h e  s l o p e .
De A n g e l i s  has  s t a t e d  t h a t  t h e  i n s t r u m e n t a l  c o e f f i c i e n t s
do n o t  v a r y  from peak t o  peak and t h a t  one can u s e  the.
c 7
same i n p u t  d a t a ,  G-r(L),  t h e  computer  e a c h  t i m e  . As
i n t e g r a l  b r e a d t h s  w e re  found t o  v a r y  w i t h  s l i t  c h a n g e s
and a n g l e ,  i t  was d e c i d e d  t o  p u t  t h e  d a t a  i n  s e p a r a t e l y
f o r  e a c h  p e a k ,  and t h e  program was d e s i g n e d  a c c o r d i n g l y .
PFA graph o f  A^ a g a i n s t  L can he u s e d  t o  d e t e r m i n e
t h e  a v e r a g e  column l e n g t h  i s  t h e  i n i t i a l  s l o p e
PFo f  t h e  graph e x t r a p o l a t e d  t o  A^ = 0 .  The v a r i a t i o n  
o f  s t r a i n  w i t h  L can a l s o  be i l l u s t r a t e d  g r a p h i c a l l y .
The s t r a i n  v a l u q s x a re  n o r m a l l y  q u ot e d  f o r  s p e c i f i c  v a l u e s  
o f  L, but  s ome t i me s  mean v a l u e s  a r e  q u o t e d  i n s t e a d *
L a t t i c e  p a r a m e t e r  meas ur eme nt s  we re  al so ,  made from 
t h e  peak p o s i t i o n s .  The peak p o s i t i o n  was t a k e n  as  b e i n g  
t h e  a n g l e  o f  maximum peak h e i g h t .  The peak p o s i t i o n s  
wer.e exami ned  c l o s e l y  f o r  any peak d i s p l a c e m e n t s  wh ic h
9
c o u l d  have  b e e n  c a u s e d  by s t a c k i n g  f a u l t s  • I n  a d d i t i o n
4-0
s t a c k i n g  f a u l t s  . dan be d i a g n o s e d  by e x a m i n i n g  m u l t i p l e
o r d e r s  o f  F o u r i e r  c o e f f i c i e n t s .  I n  t h e  l o g  A^ v e r s u s
1/ d  c u r v e s ,  s t a c k i n g  f a u l t s  t e n d  t o  make c e r t a i n  peaks
b r o a d e r  t h an  o t h e r s  s o  t h a t  t h e  p o i n t s  no l o n g e r  f a l l
on a s t r a i g h t  l i n e .  For t h i s  t o  be o b s e r v e d  a t  l e a s t
t h r e e  o r d e r s  are  n e e d e d .
Other  i n f o r m a t i o n  t h a t  can be g a i n e d  from F o u r i e r
a n a l y s i s  i n c l u d e s  c r y s t a l  s i z e  d i s t r i b u t i o n .  T h i s  can
be d e t e r m i n e d  from the  s e c on d  d e r i v a t i v e  o f  t h e  AT v e r s u s  
PA
L c u r v e ,  ~~v T"1:/ where  p i s  t h e  f r a c t i o n  o f  co lumnscLL^  n
o f  l e n g t h  N y  I n  p r a c t i c e  i t  was  found t h a t  the  a c c u r a c y
o f  t h e  r e a d i n g s  o b t a i n e d  was t o o  low to  j u s t i f y  such
e l a b o r a t e  c a l c u l a t i o n s .
Line  b r e a d t h  has  a l s o  been d e f i n e d  as  t h e  s e c o n d
5 Amoment a b o u t  t h e  c e n t r o i d ,  or  v a r i a n c e  . The v a r i a n c e  
o f  a r e f l e c t i o n s :  i s  d e t e r m i n e d  by i n t e g r a t i n g  a c r o s s  t h e  
d i f f r a c t i o n  r i n g  t h e  power a t  any p o i n t  m u l t i p l i e d  by  
t h e  s q u a r e  o f  t h e  d i s t a n c e  from the  c e n t r e  o f  g r a v i t y  
o f  t h e  r e f l e c t i o n .  The w h o l e  has  t h e n  t o  be d i v i d e d  by 
t h e  i n t e g r a t e d  i n t e n s i t y  o f  t h e  p e a k .  T h i s  t y p e  o f  
i n t e g r a t i o n  i s  more e a s i l y  p e r f o r m e d  w i t h  a c o m p u t e r ,  and  
a program u s i n g  S i m p s o n* s  r u l e  f o r  i n t e g r a t i o n  was drawn  
u p .  The i n p u t  d a t a  was a l m o s t  t h e  same a s  f o r  F o u r i e r  
A n a l y s i s  a l t h o u g h  two s e p a r a t e  programs  w e r e ,  i n  f a c t ,  
u s e d .  The program c o u l d  a l s o  be a d a p t e d  t o  p r i n t  o u t
i n t e g r a l  b r e a d t h  v a l u e s .  The maj or  a d v a n t a g e  o f  v a r i a n c e  
i s  t h a t  v a l u e s  o f  i n s t r u m e n t a l  c o r r e c t i o n s  can be  s ub ­
t r a c t e d  d i r e c t l y .  S i m i l a r l y  t h e  v a r i a n c e  c o n t r i b u t i o n s  
o f  c r y s t a l  s i z e s  and s t r a i n s  ar e  a d d i t i v e .
The e x p r e s s i o n  d e r i v e d  t o  d e s c r i b e  t h e  v a r i a n c e  o f  
a peak  p r o d u c e d  by a c r y s t a l  s i z e  o f  Dg and a s t r a i n  (L i s
w ( 2e ) c o Se A A 2 e=- i /C2 „ V  , , , .  q  + s i n 6 t a n Q .
e \ n K 1 > X A 2 0
A graph o f  W(2 9 )cos0/XA20 a g a i n s t  s in© tan0 / XA20  w i l l
t h u s  i n t e r s e c t  the  o r d i n a t e  a t  1/ L  2 n2De ( h k l ) ]  and w i l l
have  a s l o p e  o f  An e xampl e  f o r  germanium w i l l  be
q u o t e d  i n  Chapter  F o u r .
d) E l e c t r o n  M i c r o s c o p y
Samples  o f  powd er s  were  d i s p e r s e d  and t h e n  ex a mi ne d  
by e l e c t r o n  m i c r o s c o p y .  Two t y p e s  o f  i n s t r u m e n t s  were  
e mpl oyed;  t h e s e  were  a c o n v e n t i o n a l  m i c r o s c o p e ,  t h e  A . E . I  
EM6G, and t h e  o t h e r  was the  Cambridge I n s t r u m e n t s  
' - s cann i n g  e l e c t r o n  m i c r o s c o p e  known a s  t h e  S t e r e o s c a n .
n n
T h i s  l a t t e r  i n s t r u m e n t  i s  e s p e c i a l l y  s u i t e d  t o  e x a m i n i n g  
s u r f a c e s  and a l a y e r  o f  powder d i s p e r s e d  on a f l a t  s u r f a c e  
was fou nd  t o  be s i m i l a r  t o  t h i s .
The most  s u c c e s s f u l  t e c h n i q u e  f o u nd  f o r  d i s p e r s i n g  
t h e  powders  was ^us ing  an AGLA a t o m i s e r  and s p r a y i n g  t h e  
m a t e r i a l  o n t o  a carb on  f i l m  o r  a S t e r e o s c a n  s p e c i m e n  
• s t u b .  The powders  were  d i s p e r s e d  i n  e i t h e r  a l c o h o l  or  
a c e t o n e  w i t h i n  an u l t r a s o n i c  b a t h .  For  u s e  w i t h  t h e
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EM6G-, a n o t h e r  c ar bo n  l a y e r  was p u t  down o v e r  t h e  s p e c i m e n  
and g r i d .  The powder  p a r t i c l e s  were  t h u s  s a n d w i c h e d  
be tween  two l a y e r s  o f  c a r b o n .  Shadowing  w i t h - p l a t i n u m  
was a l s o  u s e d .
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CHAPTER THREE
PREPARATION AND ANNEALING OF STOICHIOMETRIC CARBIDES
Q u a n t i t a t i v e  x - r a y  l i n e  b r o a d e n i n g  has  g e n e r a l l y  
c o n c e n t r a t e d  on m a t e r i a l s  w h i c h  ha ve  s t a b l e  s t o i c h i o ­
m e t r i c  c h e m i c a l  s t r u c t u r e s ,  such as  m e t a l s ,  o x i d e s  
and h a l i d e . s .  Of t h e  m a t e r i a l s  s t u d i e d  h e r e  t h e  Group 
IV e l e m e n t s  were  a v a i l a b l e  i n  h i g h  p u r i t y  form and i t  
was fou nd  t h a t  t h e y  c o u l d  be a n n e a l e d  i n  h y d r o g e n  
w i t h o u t  c h e m i c a l  c h a n g e s  t a k i n g  p l a c e .  The m a j o r i t y  
o f  t h e  m a t e r i a l ^ ' s t u d i e d  were  i n t e r s t i t i a l  compounds ,  
and as  such we re  p r o n e  t o  n o n - s t o i c h i o m e t r y  and t h e  
p r e s e n c e ' o f  i m p u r i t y  atoms i n  t h e  l a t t i c e .  The mos t  
common o f  t h e s e  i m p u r i t y  a toms  was o xy g e n  whi-ch i s  
i n v a r i a b l y  found i n  c a r b i d e s .
X - r a y  d i f f r a c t i o n  p a t t e r n s  o f  t h e  f a c e  c e n t r e d  
c u b i c  c a r b i d e s  showed t h e  e f f e c t s  o f  n o n - s t o i c h i o m e t r y  
and i m p u r i t i e s .  As m e n t i o n e d  i n  C h a p t e r  One t h i s  n o n ­
s t o i c h i o m e t r y  had a c o n s i d e r a b l e  e f f e c t  on t h e  c r y s t a l  
s t r u c t u r e  and p r o v e d  t o  be a s e r i o u s  h a n d i c a p  w i t h  t h e  
c a r b i d e s  o f  t i t a n i u m ,  z i r c o n i u m  and vanadium.  Each  
r e f l e c t i o n . was a s ym m e t r i c  and was o f t e n  composed o f  
s e v e r a l  d i s t i n c t  maxima.  For  e x a m p l e ,  t h e  z i r c o n i u m  
c a r b i d e  sample  s u p p l i e d  by M e s s r s .  Koch L i g h t  L i m i t e d  
had s i x  s e p a r a t e  maxima f o r  the  220 r e f l e c t i o n .  I t  
a l s o  showed g r a p h i t e  l i n e s .  K i e f f e r  e t  a l  f ou nd  t h a t
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t h e  p r e s e n c e  o f  o x y g e n  and n i t r o g e n  i n  t h e  l a t t i c e
gave  r i s e  t o  two s e p a r a t e  p h a s e s  o f  s l i g h t l y  d i f f e r e n t
59 t  \l a t t i c e  p a r a m e t e r s  * These  were  ZrC and Zr(.C , N , 0 ) •
On a n n e a l i n g ,  K i e f f e r  f o u n d  t h a t  a s i n g l e  p h a s e  o f
i n t e r m e d i a t e  p a r a m e t e r  r e s u l t e d .  A d i f f e r e n t  s a m p l e ,
from Murex L i m i t e d ,  showed s l i g h t l y  b r o a d e n e d  r e f l e c t i o n s ,
b u t  t h e s e  were  d e f i n i t e l y  s i n g l e  p h a s e  and c o u l d  be
i n t e r p r e t e d  i n  t e rms  o f  a s t r a i n e d  l a t t i c e .  A l l  the
z i r c o n i u m  c a r b i d e  work was c a r r i e d  o u t  w i t h  t h i s  s a m p l e .
I t  w i l i  be  shown l a t e r  t h a t  t h e s e  i m p u r i t y  a toms  p l a y
an i m p o r t a n t  p a r t  i n  t h e  d e f o r m a t i o n  c h a r a c t e r i s t i c s 0
I t  was d e c i d e d  t o  p r e p a r e  s e v e r a l  o f  t h e  c a r b i d e s
i n  a more s t o i c h i o m e t r i c  and o x y g e n - f r e e  f o r m.  The
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method u s e d  by K i e f f e r  e t  a l  was m o d i f i e d  fo.r t h i s  
p u r p o s e .  By d i s s o l v i n g  s t o i c h i o m e t r i c  amounts  o f  
c a rb o n  and t h e  d e s i r e d  m e t a l  i n  an a u x i l i a r y  l i q u i d  
m e t a l  b a t h  a t  h i g h  t e m p e r a t u r e ,  t h e y  were' a b l e  t o  
p r e c i p i t a t e  a c a r b i d e  o f  h i g h  p u r i t y .  A f t e r  s o l i d i f y i n g ,  
t h e  p a r e n t  m e t a l  was d i s s o l v e d  i n  a c i d  l e a v i n g  a p u r e  
c a r b i d e .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  u s e  a m e t a l  w h i c h  
has  a low a f f i n i t y  f o r  c a r b o n .  K i e f f e r  f ou nd  t h a t : t h e . 
most  s u i t a b l e  m e t a l  f o r  t he  b a t h  was a 5 0 - 5 0  i r o n -  
n i c k e l  a l l o y ,  and t h i s  a l l o y  was t h e r e f o r e  s e l e c t e d .
I t  was a l s o  d e c i d e d  to  a t t e m p t  t o  p u r i f y  the  e x i s t i n g  
c a r b i d e s  r a t h e r  than  t r y  t o  p r e p a r e  new m a t e r i a l s .  ■ A
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2 gram c ha r ge  was m e l t e d  i n  a g r a p h i t e  c r u c i b l e  u s i n g  
an 8 kW r a d i o  f r e q u e n c y  h e a t e r  m a n u f a c t u r e d  by W i l d  . 
B a r f i e l d  L i m i t e d .  The c r u c i b l e  and i n d u c t i o n  c o i l  were  
e v a c u a t e d  i n s i d e  a g l a s s  t u be  w i t h  a r o t a r y  pump and 
t h e n  a r g o n  was p a s s e d  d u r i n g  t h e  h e a t i n g  and c o o l i n g  
c y c l e s .  With t h e  p r e p a r e d  c a r b i d e s ,  e x c e s s  c a r b o n  was  
added i n  o r d e r  t o  e n s u r e  t h a t  a s a t u r a t e d  p r o d u c t  was  
o b t a i n e d .  The t e m p e r a t u r e  was m a i n t a i n e d  a t  1600°C f o r  
i  hour and t he n  a l l o w e d  t o  c o o l  i n  s i t u  w i t h  t h e  s u p p l y  
c u t  o f f .  The f a s t  c o o l i n g  was u s e d  so t h a t  t h e  c r y s t a l s  
formed wo ul d  be s m a l l .  B o i l i n g  5 0 - 5 0  h y d r o c h l o r i c  
acidv'.was u s e d  t o  d i s s o l v e  away t h e  i r o n - n i c k e l  a l l o y .
The c a r b i d e s  p r e p a r e d  by t h i s  method g ave  r i s e  t o  
much b e t t e r  d i f f r a c t i o n  p a t t e r n s  t h an  i n  t h e  a’s r e c e i v e d  
c o n d i t i o n .  With vanadium c a r b i d e ,  f o r  e x a m p l e ,  i t  was  
p o s s i b l e  t o  o b t a i n  a c u b i c  p h a s e  w i t h  sharp l i n e s .
The l a t t i c e  p a r a m e t e r  was 4 * 1 6 5 3  A.  I t  had be en  
i m m ea s ur a b l e  i n  t h e  as  r e c e i v e d  c o n d i t i o n  due t o  t h e  
m u l t i p l i c i t y  o f  p e a k s .
The method was t o o  s l o w  t o . b e  u s e d  f o r  t h e
p r e p a r a t i o n  o f  s u f f i c i e n t  amounts ,  o f  c a r b i d e  f o r
m i l l i n g  and o t h e r  e x p e r i m e n t s ,  b u t  p r o v e d  i n v a l u a b l e
( . . • . 
as  a means o f  p r o d u c i n g  c a r b i d e s  o f  much b e t t e r  c r y s t a l
s t r u c t u r e  th an  t h o s e  p r o d u c e d  c o m m e r c i a l l y .
The p r o c e s s  m i g h t  be i m p r o v e d  by s e p a r a t i o n  o f
t h e  a u x i l i a r y  m e t a l  by  a n  e l e c t r o l y t i c  t e c h n i q u e .  I f  
t h e  s l u g  o f  m e t a l  c o n t a i n i n g  t h e  c a r b i d e  were  made 
t h e  a n o d e ,  i t  mi gh t  be  p o s s i b l e  t o  d i s s o l v e  away t h e  
a u x i l i a r y  m e t a l  l e a v i n g  t h e  p u r e  c a r b i d e  b e h i n d .  T h i s  
p r o m i s e s  t o  be a much f a s t e r  and c l e a n e r  method t h a n  
u s i n g  b o i l i n g  a c i d .  i
A n o t h e r  i n t e r e s t i n g  f e a t u r e  was t h e  m o r ph o l o g y  
o f  t h e  c a r b i d e s  p r o d u c e d . b y  t h i s  me th od .  Wh i l e  t h e  
c o m m e r c i a l  c a r b i d e s  t e n d e d  t o  be e q u i a x e d ,  t h e  c a r b i d e s  
p r o d u c ed  from t h e  b a t h  were  u s u a l l y  n e e d l e  s h a p e d ,  
t h o ug h  o c c a s i o n a l l y  a t e t r a h e d r o n  woul d  be  s e e n .  The 
t y p i c a l  a p p ea r an c e  i s  shown by  t h e  S t e r e o s c a n  p h o t o g r a p h  
o f  F i g .  37  ( s e e  p. t i fO* The n e e d l e s  are  o f t e n  up t o  
30 m i c r o n s  l o n g .  With much s l o w e r  c o n t r o l l e d  . c o o l i n g  
i t  mi gh t  b e  p o s s i b l e  t o  grow f a i r l y  l a r g e  si n g l e  
c r y s t a l s  by t h i s  met h od .
The a n n e a l i n g  o f  t h e  c a r b i d e s  a l s o  p r o v e d  t o  be  
a d i f f i c u l t  p r o b l e m .  I n  f i n e  powder form t h e y  a r e .  
h i g h l y  r e a c t i v e  and have  b e e n  known t o  i g n i t e  i n  a i r .
The b a l l - m i l l e d  c a r b i d e s  a r e  e ven  more r e a c t i v e , due  
t o  t h e  i n c r e a s e d  s u r f a c e  a r e a  and t h e  s t o r e d  e n e r g y  
o f  s t r a i n  p r e s e n t .  On a n n e a l i n g ,  t h e r e f o r e ,  i t  i s  n o t  
s u f f i c i e n t  m e r e l y  t o  m a i n t a i n  a good vacuum o r  i n e r t  
a t m o s p h e r e ;  t h e r e ,  i s  a l r e a d y  enough o xy g en  a d s o r b e d  
on t h e  s u r f a c e  o f  t h e  p a r t i c l e s  and w i t h i n  t h e  c a r b i d e
l a t t i c e  t o  g i v e  r i s e  t o  c o n s i d e r a b l e  o x i d a t i o n .  The  
r e s u l t  o f  t h i s  i s  t h e  a s y m m e t r i c  p e a k s  m e n t i o n e d . .  
A n o t h e r  d i f f i c u l t y  was t h a t  t h e  powders  t e n d e d  t o  
s i n t e r  t o g e t h e r  i n t o  a v e r y  hard and unmanageabl e '  
c o m pa c t ,  wh i ch  c o u l d  n o t  be  p u t  d i r e c t l y  i n t o  t h e  
d i f f r a c t o m e t e r .
The f i r s t  a t t e m p t s  a t  a n n e a l i n g  t h e  c a r b i d e s  
t o o k  p l a c e  i n  an a t m o s p h e r e  o f  dry h y d r o g e n .  W i t h  
h e a v i l y  worked m a t e r i a l s  t h e  p e a k s  c o u l d  c l e a r l y  
be s e e n  t o  s h a r p e n ,  b u t  o x i d a t i o n  was e v i d e n t l y  t a k i n g  
p l a c e  w i t h  t h e  r e s u l t  t h a t  t h e  peaks  were  becomi ng  
a s y m m e t r i c a l l y  b r o a d e n e d  on t h e  h i g h  a n g l e  s i d e .  T h i s  
was due t o  d e c a r b u r i z a t i o n  t a k i n g  p l a c e  and g i v i n g  r i s e
- i; '
t o  l o w e r  v a l u e s  o f  t h e  l a t t i c e  p a r a m e t e r s .  I n ' o r d e r  
t o  combat  t h i s  o x i d a t i o n ,  t h e  c a r b i d e s  were  m i xe d  
w i t h  l a m p bl a c k  p r i o r  to  a n n e a l i n g .  As t h e  c a r b i d e s  . 
we re  s a t u r a t e d  w i t h  r e s p e c t  t o  c ar b on  no change i n  
c ar b on  c o n t e n t  was a n t i c i p a t e d .  T h i s  r e d u c e d  t h e  
asymmetry o f  t h e  p e a k s ,  but  d i d  n o t  remove i t  e n t i r e l y .  
Co a l  g a s  was t r i e d  i n  p l a c e  o f  h y d r o g e n  and p r o v e d  
s u c c e s s f u l  from t h e  p o i n t  o f  v i e w  o f  p r o d u c i n g  g oo d  
p r o f i l e s ,  but  l e f t  d e p o s i t ?  . o f  c a r b o n  t h ro u g h  t h e  . 
f u r n a c e  t u b e .  T he se  p r o b l e m s  were  r e s o l v e d  by  u s i n g  
a r g o n  as  t h e  p u r g i n g  g a s .  By t h i s  means i t  was p o s s i b l  
t o  a n n e a l  t h e  c a r b i d e s  o f  t a n t a l u m  and n i o b i u m ,  b u t
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a s ym m e t r i c  p r o f i l e s  s t i l l  r e s u l t e d  when t h e  T i ,  Zr 
and V c a r b i d e s  were  a n n e a l e d .  The b e s t  r e s u l t s  we re  
o b t a i n e d  by  e v a c u a t i n g  t h e  f u r n a c e  t u be  w i t h  a r o t a r y  
pump p r i o r  t o  p u r g i n g  w i t h  a r g o n .  Extreme c a r e  had to  
be t a k e n  t h a t  t h e  m a t e r i a l s  were i n t i m a t e l y  m i x e d  w i t h  
l a mp b l a c k  b e f o r e h a n d .  The m i x i n g  w i t h  l a m p b l a c k  a l s o  
had t h e  u s e f u l  e f f e c t  o f  p r e v e n t i n g  t h e  c a r b i d e s
from s i n t e r i n g  t o g e t h e r  i n t o  a hard s o l i d  lump#
i : ;
Pour  f u r n a c e s  werejused t o  c o v e r  t h e  w i d e  r a n g e
o f  t e m p e r a t u r e s  u s e d  t o  a n n e a l  t h e  v a r i o u s  m a t e r i a l s * .
For  a n n e a l i n g  t r e a t m e n t s  a t  200°C a s i m p l e  d r y i n g  oven  
was u s e d  w i t h  no s p e c i a l  p r e c a u t i o n s  t o  p r e v e n t  o x i d a t i o n .  
I t  l a t e r  became t h e  p r a c t i c e  t o  a n n e a l  t h e  powder  
w i t h i n  t h e  s p e c i m e n  h o l d e r  so t h a t  a d i r e c t  c o m p a r i s o n  
w i t h  the  b a l l - m i l l e d  m a t e r i a l  was p o s s i b l e .  Fo r  
a n n e a l s  a t  400  and 600°C a m u f f l e  f u r n a c e  was u s e d ,  
and a g a i n  no s p e c i a l  a t m o s p h e r e  was e m p l o y e d .  A t  
600°C t h e  c a r b i d e s  were  m i xe d  w i t h  l a m p b l a c k ,  h o w e v e r .
Some o'f t h e  600°C a n n e a l s  were  c a r r i e d  o u t  i n  a 
r e s i s t a n c e  h e a t e d  t u b e  f u r n a c e ,  as  were a l l  a n n e a l s  
b e t w e e n  800°C and 1 4 0 0 ° C .  The up pe r  l i m i t  to  t h e  
u s e  o f  t h i s  f u r n a c e  was s e t  by t h e  s i l i c o n  c a r b i d e  
f u r n a c e  e l e m e n t s .  For  t e m p e r a t u r e s  above  1400°C  
i t  was  n e c e s s a r y  t o  u s e  a . M e t a l s  R e s e a r c h  L i m i t e d  . 
H- P y r o c o r e n f u r n a c e . o  T h i s  has  molybdenum e l e m e n t s  .
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whi ch  r e q u i r e  an a t m o s p h e r e  o f  hy d ro ge n when i n  u s e .
The f u r n a c e  can be u s e d  up t o  1 80 0 ° C.  The f u r n a c e  
t u b e  i s  v e r t i c a l  and c l o s e d  a t  one e nd .  To o b t a i n  a 
s a t i s f a c t o r y  a t m o s p h er e  i t  was e v a c u a t e d  w i t h  a r o t a r y  
pump and t h e n  f i l l e d  w i t h  argon  and m a i n t a i n e d  a t  a 
pressure? s l i g h t l y  above  a t m o s p h e r i c .  The f u r n a c e  t o o k  
o v e r  s i x  h o u r s  t o  r e a c h  1 600°C and much l o n g e r  to  c o o l .  
Con e l u s i o n
I n  t h e  p a s t ,  much o f  t h e  work on i n t e r s t i t i a l  
m a t e r i a l s ,  p a r t i c u l a r l y  c a r b i d e s ,  has  b e e n  p e r f o r m e d  
with'  m a t e r i a l s  l a c k i n g  i n  a s t o i c h i o m e t r i c  q u a n t i t y  
o f  t h e  i n t e r s t i t i a l  e l e m e n t ,  b u t  i n c l u d i n g  i m p u r i t y  
atoms such as  o x y g e n  and n i t r o g e n .  The p r e s e n t  work ■ 
h a s  shown t h a t  i t  i s  p o s s i b l e  t o  p u r i f y  t h e  c a r b i d e s  
by a v e r y  s i m p l e  method and a l s o  t h a t  t h e y  can be  
a n n e a l e d  u n de r  c o n t r o l l e d  c o n d i t i o n s .
I t  w i l l  be  shown i n  t h e  f o l l o w i n g  c h a p t e r  t h a t  t h e  
d e f o r m a t i o n  p r o p e r t i e s  o f  t h e s e  m a t e r i a l s  a re  a l t e r e d  
by t h e  . p r e s e n c e  o f  i m p u r i t y  a t o m s .  F a c t o r s  such  as  
t h e s e  make t h e  p r e p a r a t i o n  and e x a m i n a t i o n  o f  s t o i c h i o ­
m e t r i c  c a r b i d e s  o f  h i g h  t h e o r e t i c a l  and p r a c t i c a l  
i n t e r e s t . ^
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CHAPTER FOUR 
GENERAL SURVEY OE MATERIALS' USED 
The g e n e r a l  s u r v e y  was u n d e r t a k e n  t o  d e t e r m i n e  
t h e  o v e r a l l  e f f e c t s  o f  m i l l i n g  on a l l  t h e  m a t e r i a l s  un der  
c o n s i d e r a t i o n ,  and t h e n c e  t o  s e l e c t  t h o s e  m a t e r i a l s  mos t  ; 
s u i t a b l e  f o r  d e t a i l e d  w or k .  A l l  m a t e r i a l s  were  
examined i n  t h e  as  r e c e i v e d  c o n d i t i o n  by t h e  x - r a y  
d i f f r a c t o m e t r y  t e c h n i q u e s  o u t l i n e d  i n  Chapter  2 .
Most  o f  t h e  l i n e  b r o a d e n i n g  a n a l y s i s  was c a r r i e d  o u t  
by t h e  q u a d r a t i c  method o f  Wagner .  Where p o s s i b l e ,  
t h e  m a t e r i a l s  were  a n n e a l e d  and t h e i r  p r o f i l e s  were  
r e - e x a m i n e d .  The a s  r e c e i v e d  m a t e r i a l s  were  t h e n  b a l l -  
m i l l e d  i n  t h e  t u n g s t e n  c a r b i d e  p o t  f o r  f o u r  h o u r s .
F u r t h e r  t r a c e s  were  t a k e n  w i t h  t h e  d i f f r a c t o m e t e r ,  and  
a g a i n  a f t e r  t h e  m a t e r i a l  h ad  b e e n  a n n e a l e d .  L a t t i c e  
p a r a m e t e r s  were  c a l c u l a t e d  from t h e  r e s o l v e d ^  
p o s i t i o n s  on t h e  d i f f r a c t o m e t e r  t r a c e s .  The v a l u e s
q u o t e d  i n  T a b l e  2 were  o b t a i n e d  by e x t r a p o l a t i o n  on a
2 ' ' ' . graph o f  p a r a m e t e r  a g a i n s t  c o s  0 .  The . g r o up s  o f  m a t e r i a l s
w i l l  be c o n s i d e r e d  i n  t u r n . v
a)  E le men t  s
The c o v a l e n t  e l e m e n t s  s t u d i e d  i n c l u d e d  d i am o n d ,
s i l i c o n ,  germanium and t i n .  As m e n t i o n e d  i n  C h a p t e r
One,  t i n ^ w a s  r u l e d  out  as  b a l l - m i l l i n g  had no e f f e c t
on t h e  l a t t i c e  a t  room t e m p e r a t u r e ,  b u t  t e n d e d  t o
5 -
make the  t i n  " b a l l  up" and c o a t  t h e  i n s i d e  o f  t h e  p o t .
The o t h e r  t h r e e  e l e m e n t s  were  b a l l - m i l l e d  and e x ami ne d  
a s  o u t l i n e d  a b o v e .  S i l i c o n  and germanium were  s u c c e s s ­
f u l l y  a n n e a l e d  i n  h y d r o g e n ,  b u t . n o  a t t e m p t  was made 
t o  a n n e a l  d iamond.
The work on diamond p r o v e d  t o  be e x t r e m e l y
d i f f i c u l t  b e c a u s e  t h e  low a b s o r p t i o n  f a c t o r  l e d  t o
h i g h  p e n e t r a t i o n  o f  t he  x - r a y  beam, r e s u l t i n g  i n  a
l a r g e  amount o f  d i f f r a c t i o n  from b e l o w  t h e  s u r f a c e  o f
t h e  s p e c i m e n .  , T h i s  l e d  t o  p r o n o u n c e d  asymmetry  o f  t h e
l ow a n g l e  p e a k s  and an a b n o r m a l l y  h i g h  i n t e g r a l  b r e a d t h
when me as ur ed  i n  t h e  s t a n d a r d  m a n n e r . One c u r i o u s
f e a t u r e  was t h a t  the  low a n g l e  r e f l e c t i o n s  o f  the'  b a l l - -
m i l l e d  s p e c i m e n  had l o w e r  i n t e g r a l  b r e a d t h s  t h a n  t h o s e  ,
o f  t h e  as  r e c e i v e d  s p e c i m e n .  T h i s  was t h e  r e s u l t  o f
t h e  d e f e c t s  i n t r o d u c e d  l e a d i n g  t o  an i n c r e a s e  i n  t h e
amount o f  p r i ma ry  e x t i n c t i o n  and h e n c e  a h i g h e r  a b s o r p t i o n
f a c t o r ,  P o p o v i c  has  t a c k l e d  a s i m i l a r  p r ob l e m f o r  a
g r a p h i t e  b l o c k  by c a r e f u l l y  f i l i n g  t h e  s p e c i m e n s  t o
s e v e r a l  t h i c k n e s s e s  and e x t r a p o l a t i n g  f u n c t i o n s  o f  t h e i r
60x - r a y  p r o f i l e s  t o  z e r o  t h i c k n e s s  • For  t h i s  met hod  t o  
be r e a l l y  wor t h  u s i n g  t h e  s p e c i m e n  has  t o  be e x t r e m e l y  
t h i n ,  o f  t h e  o r d er  o f  0.1 mm. T h i s  was n o t  p o s s i b l e  
w i t h  a powder s p e c i m e n  e x c e p t  by m i x i n g  i t  w i t h  gum 
t r a g a c a n t h  and s p r e a d i n g ton a g l a s s  s l i d e .  T h i s  was
a t t e m p t e d  b u t  i t  p r o v e d  i m p o s s i b l e  t o  make a s p e c i m e n  
o f  u n i f o r m  t h i c k n e s s .  As the  e f f e c t  was g r e a t e s t  on 
t h e  l ow a n g l e  s i d e  o f  a r e f l e c t i o n ,  i t  was d e c i d e d  t o  
c o n c e n t r a t e  on t h e  h i g h  s i d e  o f  t h e  ° ^  r e f l e c t i o n  and 
assume t h a t  e a ch  peak was s y m m e t r i c .  T h i s  p r o v i d e d  
m e a n i n g f u l  r e s u l t s  when t h e  as  r e c e i v e d  m a t e r i a l  was 
u s e d  f o r  t h e  i n s t r u m e n t a l .  I t  s h o u l d  be ment ioned. ,  
h o w e v e r ,  t h a t  t h e s e  i n s t r u m e n t a l  c o r r e c t i o n s  were  much 
h i g h e r  than t h o s e  d e t e r m i n e d  f o r  o t h e r  m a t e r i a l s .
The r e f l e c t i o n s  i n  diamond we re  so  w e l l  s p a c e d  
and t h e  b r o a d e n i n g  was so s m a l l  t h a t  i t  was p o s s i b l e  
to  work w i t h  CuK/3 r a d i a t i o n .  T h i s  had the  f u r t h e r  
a d v a n t a g e  o f  e n a b l i n g  one more peak t o  be ex a mi ne d  a t  
h i g h  a n g l e . .  I t  h a d ,  h o w e v e r ,  t he  d i s a d v a n t a g e  t h a t  t h e  
b ac kgr oun d  was v e r y  h i g h  a t  h i g h  a n g l e s ,  and t h e  
' i n t e n s i t i e s  o f  t h e  p e a k s  were l o w .
Both  s i l i c o n  and g e r m a n i u m . a l s o  showed a s m a l l ,  
b ut  n e g l i g i b l e  amount o f  asymmetry a t  l ow a n g l e s  f o r  
t h e  same r e a s o n .  Both  t h e s e  m a t e r i a l s  were  w o r t h y  o f  
more r i g o r o u s  e x a m i n a t i o n  and a n n e a l i n g  e x p e r i m e n t s  
were l a t e r  p e r f o r m e d  w i t h  b o t h  o f  t hem.  S i l i c o n  had  
l ow i n t e n s i t y  r e f l e c t i o n s  b e c a u s e  o f  i t s  l ow a t o m i c  
s c a t t e r i n g  f a c t o r ,  and a l t h o u g h  germanium was b e t t e r ,  
t h e  r e f l e c t i o n s  a t  h i g h  a n g l e s  s t i l l  t e n d e d  t o  be r a t h e r  
weak ( s e e  P i g .  2 ) .  G-ermanium had a f u r t h e r  a d v a n t a g e
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o ve r  s i l i c o n  i n  t h a t  the  u s e f u l  4 4 4  r e f l e c t i o n  was
o b t a i n e d  w i t h  CuK<* r a d i a t i o n .
*  \  2 *  \  2H a l l  and (y3 ) / ( d ) g r a p h s  f o r  t h e s e  t h r e e  e l e m e n t s  
a f t e r  f o u r  h o u r s  m i l l i n g  a r e  shown i n  F i g s .  3 and 4«
From t h e s e  g r a p h s  i t  can be  s ee n  t h a t  a l l  t h r e e  e l e m e n t s  
have  s i m i l a r  d e v i a t i o n  p a t t e r n s .  The term " d e v i a t i o n
p a t t e r n "  was i n t r o d u c e d  t o  d e s c r i b e  v a r i a t i o n s  from  a
2 2 2 & 1s t r a i g h t  l i n e  o c c u r r i n g ,  i n  B / ( h  +k + 1  ) g r a p h s  .
I n  t h e  r e m a i n d e r  o f  t h i s  t e x t  t h e  p h r a s e  w i l l  be  u s e d
t o  d e s c r i b e  a c o n s t a n t  d e v i a t i o n  from a s t r a i g h t  l i n e
i n  any l i n e  b r o a d e n i n g  g r a p h .
For e a c h , e l e m e n t  t h e - 331 r e f l e c t i o n  i s  v e r y  s h a r p ,  
and the  3 3 3  r e f l e c t i o n  i s  much s h a r p e r  t h a n t h e  6 2 0 ,
The 220 r e f l e c t i o n  i n  diamond on F i g .  3 i s  s h a r p e r  t h a n  
m i g h t  be  e x p e c t e d  by c ompar ing  i t  w i t h  t h e  o t h e r  two  
e l e m e n t s ,  b u t  t h i s  m i g h t  have  b e e n  b e c a u s e  o f  t h e  
d i f f i c u l t i e s  i n  t h e  s e p a r a t i o n  o f  a s m a l l  e x c e s s  
i n t e g r a l  b r e a d t h  from a l a r g e  i n s t r u m a i  t a l  b r e a d t h .
The G-auss ian c u r v e  w ould  be p a r t i c u l a r l y  h i g h  i n  a c a s e  
l i k e  t h i s .  When t h e  i n t e r m e d i a t e  e q u a t i o n  was u s e d ,  
as i n  F i g .  4> t h e  220 and a l l  t h e  o t h e r  r e f l e c t i o n s  
were v e r y  sharp and a s t r a i n  v a l u e  c a l c u l a t e d  from t h e  
mean s l o p e  o f ‘t h e  l i n e  was a b o u t  .0 0 0 3 *  I t  was f e l t  
t h a t  i f  th e  b r e a d t h s  o f  t h e  l i n e s  were  h i g h e r ,  any 
e r r o r s  i n  t h e  measurem ent  w ould  be l e s s  and so diamond
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was m i l l e d  a t  200°C t o  s e e  i f  t h i s  wo u l d  i n d u c e  more  
s t r a i n .  T h i s  work was done i n  a s t a i n l e s s  s t e e l  p o t  
w i t h  a h a l l  m i l l  s p e c i a l l y  m o d i f i e d  t o  run i n  a h a t h  
o f  s i l i c o n e  o i l  a t  2 0 0 °C .  As a n t i c i p a t e d ,  more p l a s t i c  
d e f o r m a t i o n  o c c u r r e d  and t h e  r e s u l t i n g  b r e a d t h s  a r e  
shown on F i g s .  3 and 4* The s t r a i n  measured f rom  
F i g .  Zf was . 0 0 1 2 .  Some d i f f i c u l t y  was c a u s e d  h y  h a v i n g
/“N 'a h i g h  f l u r o e s c e n t  b ackgroun d  t o  t h e  p a t t e r n s  wh i c h  
p r e v e n t e d  t h e  u s e  o f  CuK/3 r a d i a t i o n .  The r e s u l t ,  h o w e v e r ,  
shows t h a t  t h e  diamond l a t t i c e  can he de fo rme d and t h a t  
t h e  mode o f  d e f o r m a t i o n  i s  v e r y  s i m i l a r  t o  t h a t  i n  
s i l i c o n  and germanium.
The s t r a i n s  i n  t h e s e  m a t e r i a l s  a f t e r  m i l l i n g  ' a t  
room t e m p e r a t u r e  have  b e e n  p l o t t e d  a g a i n s t  f u n c t i o n s  
o f  l a t t i c e  p a r a m e t e r  and m e l t i n g  p o i n t '  ( s e e  F i g . 5 ) ©  
A l t h o u g h  t h e r e  a re  o n l y  t h r e e  p o i n t s  on t h e  g r a p h ,  
t h e r e  are  v e r y  d e f i n i t e  t r e n d s  p r e s e n t .  I f  one  a s s u m e s  
t h a t  m e l t i n g  p o i n t  i s  p r o p o r t i o n a l  t o  bond s t r e n g t h  
one m i g h t  e x p e c t  t h a t  more s t r a i n  w ou l d  be i n d u c e d  i n  
germanium t h a n  i n  s i l i c o n  or  d iamond.  In  F i g .  5 t h i s  
i s  c l e a r l y  d e m o n s t r a t e d .  S i m i l a r l y  t h e  c l o s e r , a r e  t h e  
a t o m i c  n u c l e i  t o  each o t h e r ,  or t h e  s m a l l e r  t h e  l a t t i c e  
p a r a m e t e r ,  t h e  l e s s  i s  t h e  amount o f  s t r a i n  i n d u c e d .
The graph t h u s  shows t h a t  t h e  s t r e n g t h  o f  t h e  bond  
d e c r e a s e s  i n  t h e  l a t t i c e  a s  one p r o c e e d s  down t h e  G-roup
56
i n  t he  o r d e r  diamond,  s i l i c o n ,  germanium.  G-ilman has
p r o d u c e d  a g r ap h  v e r y  s i m i l a r  t o  t h i s  by p l o t t i n g  c ^
62a g a i n s t  t h e  l o g  o f  t h e  i n t e r a t o m i c  d i s t a n c e  •
b)  NaCl S t r u c t u r e  C a r b i d e s
F i v e  f a c e  c e n t r e d  c u b i c  c a r b i d e s  we re  a v a i l a b l e .  
T h e s e  were  a l l  n o m i n a l l y  o f  t h e  c o m p o s i t i o n  MC, bu t  
were  a l l  d e f i c i e n t  i n  c ar b on  t o  some e x t e n t .  On 
t h e  b a s i s  o f  t h e i r  l a t t i c e  p a r a m e t e r s  ( s e e  T a b l e  2)  
t h e y  were  a p p r o x i m a t e l y  t h e  f o r m u l a e :
T l C0 . 9 3 9 VC0 . 8 8 ’ ZrC0 . 9 4 #
T he se  f i g u r e s  ar e  b a s e d  on t h e  p a r a m e t e r s  q u o t e d  
6 3 'by P e a r s o n  , and are  p r o b a b l y . a c c u r a t e  t o  + 2%.
A d e f i n i t e  r o u t i n e  was e mpl oye d f o r  t e s t i n g  t h e  
c a r b i d e s .   ^ The m a t e r i a l s  were  exami ned  i n  t h e  as  r e c e i v e d  
c o n d i t i o n  on and a f t e r  m i l l i n g .  A f t e r  b a l l - m i l l i n g  
f o r  f o ur  h o ur s  t h e  r e f l e c t i o n s  from t h e  two n o n - c u b i c  
c a r b i d e s  were  so b r oa d  t h a t  i t  was p o s s i b l e  t o  i n t e r p r e t  
t h e  d a t a  i n  the  same way as  t h e  o t h e r  c a r b i d e s .  B o t h  
t h e  as  r e c e i v e d  and t h e  b a l l - m i l l e d  m a t e r i a l s  were  t he n  
a n n e a l e d  and r e - e x a m i n e d .
F i g s .  6 , 7 and 8 show t h e  e f f e c t  o f  b a l l - m i l l i n g  
on t h e  f i v e  c a r b i d e s .  Vanadium c a r b i d e  p r o v e d  t o  h a v e  
t h e  mos t  b r o a d e n e d  r e f l e c t i o n s  and t h i s  l e d  t o  p r a c t i c a l  
d i f f i c u l t i e s .  At bac k r e f l e c t i o n  t h e  f l u o r e s c e n t  
e f f e c t s  o f  vanadium i n  c op pe r  r a d i a t i o n  g a v e  r i s e  t o
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v e r y  h i g h  b a c k g r o u n d s  and t h i s  combined w i t h  t h e .  
e x t r e m e l y  b r oa d  l i n e s  made i n t e g r a l  b r e a d t h  m e as ur eme nt s  
i m p o s s i b l e .  T h e r e f o r e  o n l y  t h e  f i r s t  f i v e  l i n e s  have  
b e e n  m e a s u r e d .
The Cauchy H a l l  g raph  ( F i g .  6 ) doe s  n o t  g i v e  much 
e v i d e n c e  o f  c r y s t a l  s i z e  b r o a d e n i n g .  T h i s  can be  s e e n  
by l i n i n g  up t h e  s e t s  o f  m u l t i p l e  o r d e r s .  For ^100^  
t h e s e  a r e  r e f l e c t i o n s  2 a nd  6 , and f o r  ^111^ numbers  
1 ,and 5* Most  o f  the  i n t e r c e p t s  a r e  be l ow . 0 0 0 5  and  
any r e a d i n g s  t a k e n  woul d  be  b e y o n d  the .  e x p e r i m e n t a l  
a c c u r a c y .  Tanta lum c a r b i d e ,  h o w e v e r ,  shows some c r y s t a l  
s i z e  b r o a d e n i n g .  T h i s  g i v e s  r e s u l t s  o f  600  A i n  ( l  11^
d i r e c t i o n s  and 1 5 0 0  A i n  1^00^ .  The i n t e r c e p t  f o r  TiC
%
g i v e s  a c r y s t a l  s i z e  o f  1 000 A i n  ^ 00^ .  T he se  r e s u l t s  
a r e  n o t  c r e d i b l e  a f t e r  f o u r  h o u r s  o f  b a l l - m i l l i n g  as  
one would  e x p e c t  c o n s i d e r a b l e  c r y s t a l  s i z e  r e d u c t i o n s .  
T h i s  e v i d e n c e  and o t h e r  r e s u l t s  c a l c u l a t e d  f r o m . C a u c h y  
H a l l  d i s t r i b u t i o n s  i n d i c a t e  t h a t  t h e  c r y s t a l  s i z e  
m e as ur ed  i n  a h i g h l y  s t r a i n e d  m a t e r i a l  i s  i n a d e q u a t e .
.The q u a d r a t i c  me th od  o f  Wagner was t h e r e f o r e  e m p l o y e d  
t o  s u p p o r t , t h e  f i n d i n g s  o f  t h e  o t h e r  m e t h o d s .
/  * \ 2  t t  * \ 2  .The \fi ) / ( d  ) graph d e m o n s t r a t e s  tha, t  t h e r e  i s  
c o n s i d e r a b l e  c r y s t a l  s i z e  b r o a d e n i n g  p r e s e n t .  The
gave  v a l u e s  o f  820  and 690  A f o r  TiC,  690  and 690  A
- two s e t s  o f  m u l t i p l e  o r d e r s  p r e s e n t , '  ^111^ and
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f o r  ZrC, 3 40  and 5&0 f o r  TaC and 6 3 0 and 490  A f o r  NbC* 
The s l o p e  f o r  t h e  ( i l l )  . d i r e c t i o n  i n  vanadium c a r b i d e  ■ 
g a v e  an i n t e r c e p t  b e l o w  z er o  on t h e  g r a p h ,  b u t  w i t h  
s u ch  a h i g h  bac kg r ou n d  l e v e l ,  t h e  e x p e r i m e n t a l  e r r o r s  
are  much h i g h e r  t h an  w i t h  t h e  o t h e r  m a t e r i a l s #
S t r a i n  v a l u e s  have  been me as ur ed  from F i g s .  7 
and 8 and were  f ou nd  t o  be  s i m i l a r .  The mean v a l u e s  
o b t a i n e d  ar e  q u o t e d  i n  T a b l e  3* As w i t h  t h e  . c o v a l e n t  
e l e m e n t s  t h e  s t r a i n  was r e l a t e d  t o  bond s t r e n g t h .  I n  
t h e  c a s e  o f  compounds . the  b e s t  meas ure  o f  t h i s  i s  t h e  
f r e e  e n e r g y  o f  f o r m a t i o n  o f  t h e  compounds from t h e i r  
e l e m e n t s .  In F i g .  9 t h e  s t r a i n s  measured  have  been
59p l o t t e d  a g a i n s t  t h e  AG- v a l u e s  q u o t e d  by K i e f f e r  e t  a l  • 
The s t r a i n  i n d u c e d  de pe nd s  on bond s t r e n g t h  i n  much t h e  
same way as w i t h  t h e  c o v a l e n t  e l e m e n t s .  Lewi s  and L i n d l e
, * 64o b s e r v e d  a s i m i l a r  o c c u r r e n c e  w i t h  r e f r a c t o r y  o x i d e s  • 
Thus the  h i g h e s t  s t r a i n  v a l u e s  were  o b t a i n e d  w i t h  VC 
w h i c h  h a s  t h e  s m a l l e s t  AG- v a l u e  and t h e  l o w e s t  s t r a i n  
w i t h  TiC wh i ch  has  t h e  h i g h e s t  AG- v a l u e *
S e v e r a l  o t h e r  i n t e r e s t i n g  o b s e r v a t i o n s  can be  made 
from F i g s .  6 and 7 , There  seem t o  be two main t y p e s  
o f  d e f o r m a t i o n  t a k i n g  p l a c e :  i s o t r o p i c  and a n i s o t r o p i c .
Ni ob i u m and t a n t a l u m  c a r b i d e s  show d e f i n i t e  a n i s o t r o p i c  
e f f e c t s  as  can be  s e e n  from t h e i r  d e v i a t i o n  p a t t e r n s *
The 200 and 4 0 0  r e f l e c t i o n s  a r e  c o m p a r a t i v e l y  s h a r p  w h i l e
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t h e  111 and 222 a r e  v e r y  b r o a d .  T h i s  i n d i c a t e s  t h a t
t h e r e  i s  a l a r g e r  amount o f  s t r a i n  i n  ^111^ d i r e c t i o n s
t h an  i n  ^100]> • E l a s t i c  c o n s t a n t s  were  a v a i l a b l e  f o r  
65TiC and t h e  v a l u e s  f o r  Y o u n g ' s  modulus  p e r p e n d i c u l a r  
t o  s p e c i f i c  p l a n e s  i n  t h e  c r y s t a l  have  b e e n  c a l c u l a t e d  • 
from t h e  e q u a t i o n :
5 7 7 7  = s n + [2 ( s i 2~S1 1 &h k l  .
where  G, t h e  a n i s o t r o p y  f a c t o r ,  e q u a l s
h 2k 2+ k 2 l 2+ l 2h 2
( h 2+k2+ l 2 ) 2
I f  one a s su me s  an i s o t r o p i c  s t r e s s  d i s t r i b u t i o n ,
t h e  a v e r a g e  s t r a i n  . i n  any d i r e c t i o n  i s  i n v e r s e l y  p r o p o r t i o n a l
t o  t h e  v a l u e  o f  Y o u n g ' s  modulus  i n  t h a t  d i r  ec t i o n ^ ’ ^ .
When c r y s t a l  s i z e  o f  e f f e c t s  a r e  n e g l e c t e d  and
i n s t r u m e n t a l  b r o a d e n i n g  i s  as sumed t o  g i v e  r i s e  t o  an 
*
e x c e s s / 3   ^ v a l u e  o f  . 0 0 1 , t h e n  a s t r e s s  o f  . 0 0 0 5  x  
12 210 d y n e s / c m  a p p l i e d  t o  TiC w i l l  g i v e  r i s e  to t h e  
b r o a d e n i n g  i l l u s t r a t e d  on t h e  G a u s s i a n  H a l l  g raph  o f  
E i g .  7 . W h i l e  t h e  s t r a i n  t h a t  r e s u l t s  i s  much l o w e r  
t h a n  t h a t  p r o d u c e d  by f o u r  h o u r s  m i l l i n g ,  t h e  r e s u l t i n g  
d e v i a t i o n  p a t t e r n  can c l e a r l y  be s e e n .  T h i s  p a t t e r n  
i s  a l m o s t  i d e n t i c a l  t o  t h a t  from t h e  b a l l - m i l l e d  s a m p l e .
The o n l y  d i f f e r e n c e s  a r e  o b s e r v e d  i n  t h e  t h r e e  h i g h e s t  
a n g l e  r e f l e c t i o n s  where  t h e  s c a t t e r i n g  i n t e n s i t y  i s  l o w  
and t h e  f l u o r e s c e n t  b a c kg r ou n d i s  h i g h .  The m e a s u r e d
i n t e g r a l  b r e a d t h  v a l u e s  h e r e  are  much l e s s  a c c u r a t e
t h a n  a t  l o w e r  a n g l e s .  The s i m i l a r i t y  b e t w e e n  ,t h e  ■ <
c a l c u l a t e d  and the  . o b s e r v e d  c u r v e s  i n  F i g .  7 i n d i c a t e s
t h a t  t h e  d e v i a t i o n  i s  c a u s e d  by v a r i a t i o n s  i n  Y o u n g ' s
modulus i n  d i f f e r e n t  d i r e c t i o n s  i n  t h e  l a t t i c e .  The
s t r a i n s  me as ur ed  from t h e  graph were  . 0 0 2 2  f o r  ^1 00 ^
and . 0 0 2 6  f o r  ( 1 1 1)  . The s t r e s s  v a l u e s  r e q u i r e d  t o
12p r o d u c e  t h e s e  s t r a i n s  are  r e s p e c t i v e l y  . 0 0 1 0 2  x 10 
f o r  ^1.00^ and .001 08 x 1 0 ^  d y n es /c m^ f o r  (l  1 1  ^ . T h i s  
shows t h a t  t h e  s t r e s s  d i s t r i b u t i o n  i n  t h i s  t y p e  o f  
b a l l - m i l l i n g  i s  i s o t r o p i c .
L a t t i c e  p a r a m e t e r  i n c r e a s e s  were o b s e r v e d  a f t e r  
m i l l i n g  w i t h  NbC, TaC and ZrC ( s e e  T a b l e  2 ) .  T h i s
was t h o u g h t  t o  be b e c a u s e  any d i s t o r t i o n  o f  a c l o s e
p a c k e d  l a t t i c e  must  l e a d  t o  an i n c r e a s e  i n  t h e  s i z e  o f  
t h e  l a t t i c e .  The l a t t i c e  e x p a n s i o n  a c c o u n t e d  f o r  a l l
t h e  o b s e r v e d  pe ak  s h i f t s .  Theie was no e v i d e n c e  f o r
s t a c k i n g  f a u l t s .  The i n i t i a l  p a r a m e t e r s  o f  TiC and ;
YC c o u l d  n o t  be meas ured  b e c a u s e  o f  t h e  as ymmetry  o f  
t h e  p e a k s .
F u r t h e r  e x p e r i m e n t s  w i t h  Z i r c o n i u m ,  n i o b i u m  and  
t a n t a l u m  . c a r b i d e s  w i l l  be d e s c r i b e d  i n  a l a t e r  c h a p t e r ,
c )  E f f e c t  o f  I m p u r i t i e s  on S l i p  S y s t e m s  i n  NaCl  
S t r u c t u r e  C a r b i d e s
The c a r b i d e s  i n v e s t i g a t e d  f e l l  i n t o  two c l a s s e s
0  • ' . • " ‘
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as r e g a r d s  the- ir  d e f o r m a t i o n  c h a r a c t e r i s t i c s .  N i o b i u m  
and t a n t a l u m  c a r b i d e s  have  v e r y  p r o n o u n c e d  d e v i a t i o n  
p a t t e r n s  c a u s e d  by a n i s o t r o p i c  e f f e c t s  o f  d e f o r m a t i o n .  
Vanadium and t i t a n i u m  c a r b i d e s  a r e  much more i s o t r o p i c ,  
w h i l e  z i r c o n i u m  c a r b i d e  l i e s  midway b e t w e e n  when t h e  
e x t e n t s  o f  d e v i a t i o n  a r e  compared,  f u r t h e r  e x p e r i m e n t s  
w i t h  z i r c o n i u m  c a r b i d e  showed t h a t  t h e r e  was much l e s s  
c o n s i s t e n c y  about  t h e  d e v i a t i o n  p a t t e r n  than t h e r e  
was w i t h  t a n t a l u m  and n i o b i u m ' c a r b i d e s . The example  
on F i g s .  '6 , 7 and 8 i s  one o f  t h e  most  p r o n o u n c e d  t h a t  
was f o u n d .  The d i f f e r e n c e s  i n  t h e s e  d e v i a t i o n  p a t t e r n s  
and h e n c e  t h e - d e f o r m a t i o n  c h a r a c t e r i s t i c s  a r e  t h o u g h t  
t o  be  c a u s e d  by oxygen  p e n e t r a t i o n  o f  t h e  l a t t i ' c e .
NbC and TaC, a s  s u p p l i e d ,  had a l m o s t  p e r f e c t . c r y s t a l  
s t r u c t u r e s  and a f t e r  m i l l i n g  t h e  s t r a i n  c o u l d  be a n n e a l e d  
o ut  w i t h o u t  d e c a r b u r i z a t i o n  o c c u r r i n g .  The o p p o s i t e  
was t r u e  f o r  TiC and VC. The a s y m m e t r i c  b r o a d e n i n g  
p r e s e n t  i n  the  as  r e c e i v e d  s a m p l e s  i n d i c a t e d  t h e  p r e s e n c e  
o f  i m p u r i t i e s ,  w h i l e  e v e n  t h e  p r e s e n c e  o f  an e q u a l  
volume o f  l a m p b l a c k ,  m i x e d  by b a l l - m i l l i n g ,  and an.  
a t m o s p h e r e  o f  argon  c o u l d  be p r e v e n t  t h e  p r o f i l e s  
b e c o m i n g  a s ym m e t r i c  on a n n e a l i n g .  T h i s  was c a u s e d  by  
d e c a r b u r i z a t i o n . Once a g a i n  t h e  b e h a v i o u r  o f  ZrC was 
midway b e t w e e n  t h e  two g r o u p s .  S e v e r a l  v a r i a n t s  o f  
t h e  c r y s t a l  s t r u c t u r e  e x i s t ,  some o f  wh i c h  a r e  known
t o  c o n t a i n  o x y g e n . a n d  n i t r o g e n .  I t  i s  i n t e r e s t i n g  t o  
n o t e  t h a t  t h e  Murex s ampl e  which  was s l i g h t l y  s t r a i n e d  
e x h i b i t e d  t o  a s m a l l  d e g r e e  t h e  f a m i l i a r  d e v i a t i o n  
p a t t e r n .  With care,  z i r c o n i u m  c a r b i d e  can be a n n e a l e d ,  
b u t  no a s  r e a d i l y  as c a n  n io b i u m  and t a n t a l u m  c a r b i d e s .
I t  i s  w e l l  known t h a t  c a r b i d e s  f r e q u e n t l y  c o n t a i n
15 67i m p u r i t y  atoms  9 . G-oldschmidt  has  p o s t u l a t e d  t h a t
a d e f i c i e n c y  o f  c arb on  atoms  or an e x c e s s  o f  o x y g e n
atoms woul d  c r e a t e  l o c a l  d i s t o r t i o n s  o f  t h e  m e t a l  atom 
15l a y e r s  . I t  i s  . p r o p o s e d  h e r e  t h a t  t he  p r e s e n c e  o f  
o x y ge n  and n i t r o g e n  atoms i n  t h e  l a t t i c e s  o f  c e r t a i n  
c a r b i d e s  w i l l  i n h i b i t  s l i p  on d e s i r e d  s y s t e m s .  The 
e l a s t i c  m o d ul i  a r e  a f f e c t e d  and t h i s  l e a d s  t o  d i f f e r e n t  
d e v i a t i o n  p a t t e r n s  i n  x - r a y  l i n e  b r o ad e n i n g , ,
d) H e x a g o n a l  C a r b i d e s
T he r e  ar e  two h e x a g o n a l  c a r b i d e s  o f  i n d u s t r i a l  
i m p o r t a n c e .  One o f  t h e s e  i s  t u n g s t e n  mo no . car bi d e , 
wh i ch  has  the  n i c k e l  a r s e n i d e -  s t r u c t u r e  i n  w h i c h  t h e  
t u n g s t e n  atoms form a t r i g o n a l  p r i s m ,  w i t h  t h e  c a r b o n  
atoms  a t  the  c e n t r e .  The s e c o n d  i s  ,dimolybdenum  
c a r b i d e ,  MOgC, i n  w h i c h  t h e  molybdenum atoms  a r e  c l o s e  
p a c k e d  and the  c a r b o n  atoms f i l l  h a l f  t h e  o c t a h e d r a l  
h o l e s .  The t u n g s t e n  c a r b i d e  u s e d  f o r  t h e  s u r v e y  work  
was s u p p l i e d  by A u s t i n  Hoy C a r b i d e s  L i m i t e d ,  and t h e  
Mo^C by Murex Limi ted®
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U n l i k e  t h e  f a c e  c e n t r e d  c u b i c  c a r b i d e s ,  t u n g s t e n  
c a r b i d e  i s  n o r m a l l y  f o u nd  i n  s t o i c h i o m e t r i c  f o r m.  Any  
d e c a r b u r i z a t i o n  r e s u l t s  i n  t h e  f o r m a t i o n  o f  WgC, w h i l e  
c a r b u r i z a t i o n  i s  i m p o s s i b l e ,  any e x c e s s  c arb on  r e m a i n i n g  
as g r a p h i t e  . Mo^C b e h a v e s  s i m i l a r l y ,  t h o ug h  some 
d e c a r b u r i z a t i o n  cai  o c c u r  b e f o r e  molybdenum m e t a l  l i n e s  
s t a r t  t o  app ear  on t h e  d i f f r a c t i o n  p a t t e r n ,  C a r b u r i z a t i o n  
can t a k e  p l a c e  l e a d i n g  t o  t h e  f o r m a t i o n  of  t h e  h i g h e r  
MoC p h a s e .
As can be  s e e n  from F i g s ,  10 and 1 1 ,  b o t h  t h e  c a r b i d e s  
were  s t r a i n e d  i n  t h e  as  r e c e i v e d  c o n d i t i o n s .  One s e t  
o f  m u l t i p l e  o r d e r s  c o u l d  be  m e a s u r e d  i n  t h e  Mo C,
2  ' r .
p e r p e n d i c u l a r  to  the  {00 l }  p l a n e s .  T h i s  gave  a s t r a i n  
va lue  o f  *0013 and a s e t  o f  c r y s t a l  s i z e  o f  900  A.
B o t h  t h e  r e f l e c t i o n s  i n  t h i s  s e t ,  t h e  002 and  0 0 k-, 
were  weak and t h e r e f o r e  a mean v a l u e  o f  s t r a i n  was  
t a k e n .  T h i s  g a v e  a l m o s t  t h e  same v a l u e s .  I n  t h e  t u n g s t e n  
c a r b i d e ,  F i g .  1 1 ,  t h e  i m p o r t a n t  s e t ,  1 0 0 - 2 0 0 - 3 0 0  was  
p r e s e n t . .  The se  t h r e e ,  which  were  a l s o  r e p r e s e n t a t i v e  
o f  t h e  mean l i n e ,  f e l l  on a s t r a i g h t  l i n e  g i v i n g  a 
s t r a i n  o f  . 0 0 0 9  and a c r y s t a l  s i z e  o f  o ver  20 00  A.
As t h e s e  s t r a i n s  could  n o t  be  r e l i e v e d  w i t h o u t  
i n t r o d u c i n g  g r a p h i t e , , t h e  m a t e r i a l s  were  b a l l - m i l l e d  
i n  t h i s  s l i g h t l y ^ s t r a i n e d  s t a t e .  F i g s 0 10  and 11 
i l l u s t r a t e  t he  r e s u l t a n t  b r o a d e n i n g .  A f t e r  m i l l i n g ,
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many o f  t h e  p e a ks  o v e r l a p p e d  and t h e i r  i n t e g r a l  
b r e a d t h s  c o u l d  n o t  be m e a s u r e d .  With t u n g s t e n  c a r b i d e  
i t  was f o u n d ' t h a t  o n l y  s i x  p e a k s  c o u l d  be m e as ur ed  
c o n v e n t i o n a l l y  and i t  was  d e c i d e d 1 t o  measure  t h e  i n t e g r a l  
b r e a d t h s  o f  h a l f  t h e  component  o f  two o t h e r  p e a k s  
and d o u b l e  t h e  v a l u e s  o b t a i n e d .  These  were  t h e  110  
and 111 p e a k s  wh i c h  o v e r l a p  t h e  002 and 200 p e a k s  
r e s p e c t i v e l y  on t h e  h i g h  a n g l e  s i d e .  The i n t e r f e r e n c e  
w i t h  t h e  l o w e r  a n g l e  h a l f  o f  t h e  ^  was s m a l l ,  h o w e v e r ,  
and t h i s  method gave  c o n s i s t e n t  r e s u l t s  f o r  a l l  e x p e r i m e n t s  
w i t h  t u n g s t e n  c a r b i d e .  I t  was o n l y  p o s s i b l e  b e c a u s e  t h e  
002 and 200 r e f l e c t i o n s  w e re  o f  low i n t e n s i t y .  Wi th  
MOgC a n o t h e r  p r o b l e m o c c u r r e d  b e c a u s e  t h e  r e f l e c t i o n s  0 0 4 * 
1 0 4 * 2 0 3 , 2 1 2 ,  and 103 were  a l l  weak and t h e i r  i n t e g r a l  
b r e a d t h s  c o u l d  n o t  be me as u r e d  a c c u r a t e l y  enough  a f t e r  
b a l l - m i l l i n g .
The m e as ur ed  s t r a i n s  f o r  t h e s e  two m a t e r i a l s  were  
. 00 43  f o r  MOgC and . 0 0 3 9  f o r  WC. The f i r s t  v a l u e  r e p r e s e n t s  
a mean v a l u e  w h i l e  t h e  WC v a l u e  i s  t h e  s t r a i n  p e r p e n d i c u l a r  
t o  (l OO) p l a n e s .  The mean c r y s t a l  s i z e  i n  Mo£C was  
340  A and t h e  s i z e  p e r p e n d i c u l a r  t o  (l OO) i n  t u n g s t e n  
■carbide was 3 20  A. The s t r a i n  v a l u e s  h a v e  b e e n  p l o t t e d  : 
on F i g .  9 t o  show t h a t  the  argument  abou t  bond s t r e n g t h  
caly '  a p p l i e s  when t h e  c r y s t a l  l a t t i c e  i s  . o f  t h e  same t y p e .
F u r t h e r  e x p e r i m e n t s  on b a l l - m i l l i n g  and a n n e a l i n g
o ■ ' '
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were c a r r i e d  o u t  w i t h  b o t h  t h e s e  m a t e r i a l s ,
e ) N i t r i d e  s
Four n i t r i d e s  were e x a m i n e d ,  each h a v i n g  s l i g h t l y  
d i f f e r e n t  b o n d i n g .  Aluminium n i t r i d e ,  AIN,  has  t h e  
h e x a g o n a l  w u r t z i t e  s t r u c t u r e ,  and t h e  bond i s  t h o u g h t  
t o  be  p r e d o m i n a n t l y  c o v a l e n t .  Tanta lum n i t r i d e  a l s o  has  
t h e  w u r t z i t e  s t r u c t u r e  b u t  i s  s t i l l  an i n t e r s t i t i a l  
compound.  L i k e  t i t a n i u m  c a r b i d e ,  t i t a n i u m  n i t r i d e  i s  
f a c e  c e n t r e d  c u b i c  and i s  u s u a l l y  d e f i c i e n t  i n  n i t r o g e n *  
Boron n i t r i d e  h a s  a g r a p h i t i c  s t r u c t u r e .
In  t h e  as r e c e i v e d  c o n d i t i o n  AIN g ave  q u i t e  b r o a d e n e d  
r e f l e c t i o n s  c a u s e d  by a mean s t r a i n  o f  . 0 0 1 2  and a s m a l l  
amount o f  c r y s t a l  s i z e  b r o a d e n i n g  ( e q u i v a l e n t  t o  a bo u t  
1000  A ) .  The m u l t i p l e  o r d e r  p r e s e n t ,  1 0 1 - 2 0 2 , g a v e  a 
s t r a i n  o f  . 0 0 1 2  and a c r y s t a l  s i z e  o f  8 2 0  A. T h i s  can  
be s e e n  i n  F i g .  1 2 .  I n  a d d i t i o n  t o  t h e  w u r t z i t e  r e f l e c t i o n s  
t h e r e  were  s e v e r a l  o t h e r s  w h i c h o c o u l d  n o t  be  i n d e x e d .
The t a n t a l u m  n i t r i d e  r e f l e c t i o n s  ( F i g .  1 3 ) . w e r e  o f  much 
b e t t e r  q u a l i t y ,  t h o u g h  t h e r e  was some b r o a d e n i n g  due  t o  
a s m a l l  s t r a i n  o f  . 0 0 0 4  p e r p e n d i c u l a r  t o  (11 o) c o u p l e d  
w i t h  a c r y s t a l  s i z e  o f  a b o u t  1 9 0 0  A. The t i t a n i u m  n i t r i d e  
p e a k s  were  a s y m m e t r i c  and s i m i l a r  t o  t h e  n o n - s t o i c h i o m e t r i c  
f a c e  c e n t r e d  c u b i c  c a r b i d e s .  I n t e g r a l  b r e a d t h s  c o u l d  n o t  
be me as ur ed  i n  the.  as  r e c e i v e d  s p e c i m e n .
As t h e  a l umi ni um n i t r i d e  r e f l e c t i o n s  were  b r oa d
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a l r e a d y ,  i t  was d e c i d e d  t o  m i l l  f o r  one hour  o n l y .  The 
r e s u l t  o f  t h i s  m i l l i n g  i s  shown i n  F i g .  1 2 .  The r e s u l t a n t  
mean s t r a i n  was . 0 04 3  a f t e r  one hour w i t h  a d e c r e a s e  i n  
t h e  c r y s t a l  s i z e  t o  $ 0 0  A. The o t h e r  two n i t r i d e s  were  
b o t h  m i l l e d  f o r  f o u r  h o u r s .
The mean s t r a i n  p r o d u c e d  i n  TiN by m i l l i n g  was a l m o s t  
d o u b l e  t h a t  i n  t h e  c o r r e s p o n d i n g  c a r b i d e  o f  t h e  same 
s t r u c t u r e  ( s e e  F i g .  13 )«  A s i m i l a r ,  b u t  more, p r o n o u n c e d  
d e v i a t i o n 1 p a t t e r n  e x i s t s  due t o  t h e  s t r a i n  i n  t h e  11^  
d i r e c t i o n  ( . 0 0 4 8 ) b e i n g  g r e a t e r  t h an  t h a t  i n  t h e  ^100  ^
d i r e c t i o n  ( . 0 0 3 8 ) .  The c r y s t a l  s i z e  i n  t h e  ^10C^ d i r e c t i o n  
was 790  A b u t  no c r y s t a l  s i z e  b r o a d e n i n g  was. d e t e c t e d  
i n  t h e  ^111/> d i r e c t i o n .  The b o n d i n g  i n  t h e  ' c a r b i d e  i s  
t h e r e f o r e  s t r o n g e r  t h a n  t h a t  i n  t h e  n i t r i d e . ’ T h i s  f i t s  
i n  w i t h  o t h e r  d a t a  s u c h  as m e l t i n g  p o i n t s ,  t h o u g h  i t  
s h o u l d  be n o t i c e d  t h a t  thfe d e f i c i e n c y  o f  n i t r o g e n  may h a v e  
some e f f e c t .  The a p p r o x i m a t e  m e l t i n g  p o i n t s  f o r  t h e s e  
m a t e r i a l s  are  2940°C f o r  t i t a n i u m  n i t r i d e  and 3 1 50°C 
f o r  t i t a n i u m  c a r b i d e .  A n n e a l i n g  e x p e r i m e n t s  were  
p e r f o r m e d  on t i t a n i u m  n i t r i d e  and w i l l  be r e p o r t e d  i n  
Cha pt er  E i g h t .  Tant a l u m n i t r i d e ,  w h i c h  had s h a r p e r  
r e f l e c t i o n s  t h a n  t i t a n i u m  n i t r i d e  i n i t i a l l y ,  was f o u n d  
t o  b e  more r e s i s t a n t  t o  d e f o r m a t i o n  by b a l l - m i l l i n g ,  the  
s t r a i n  b e i n g  o n l y  . 0 0 2 7  ( s e e  F i g .  1 3 ) *  T h i s  i s  t h e  v a l u e  
me as ur ed  p e r p e n d i c u l a r  t o  t he .  (l 1 o) p l a n e s  and g a v e  a
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c r y s t a l  s i z e  o f  610 A. Th i s  s t r a i n  i s  a mean v a l u e  
d e r i v e d  from t h e  t h r e e  ( l  1 o] r e f l e c t i o n s .  These  do n o t  
f a l l  on a s t r a i g h t  l i n e ,  t h e  330  “b e i n g  l e s s  hroad  t h a n  
e x p e c t e d .  T h i s  may he an i n d i c a t i o n  o f  t h e  p r e s e n c e  
o f  s t a c k i n g  f a u l t s .  P a r a m e t e r  c h a n g e s  were  n o t  o b s e r v e d
i n  any o f  the  w u r t z i t e  s t r u c t u r e  n i t r i d e s .  The s t r a i n
\
h e r e  i s  much l e s s  t h a n  t h a t  i n  t h e  f a c e  c e n t r e d  c u h i c
c a r h i d e  o f  t a n t a l u m .  The change  o f  s t r u c t u r e  t h u s  seems  ^
to  l e a d  t o  a more r i g i d  l a t t i c e .  There  seems  t o  be  no
l o g i c a l  r e a s o n  f o r  t h i s  cha ng e  i n  s t r u c t u r e  and i t  i s
more t h a n  l i k e l y  t h a t  t h e  s t r u c t u r e  r e p r e s e n t s  t h e  Ta^N
18p h a s e  s u g g e s t e d  by Ru n dl e  . ...
Boron n i t r i d e  was a l s o  e x a m i n e d ,  b u t  due t o  t h e  low
i n t e n s i t y  o f  r e f l e c t i o n s  and the  asymmetry  o f  t h e  p e a ks  
c a u s e d  by a b s o r p t i o n  e f f e c t s ,  no b a l l - m i l l i n g  was  d o n e .
The p a r t i c u l a r  sample  exami ned  was n e a r l y  a l l  o f  t h e  
g r a p h i t i c  s t r u c t u r e ,  though  t h e r e  was a s m a l l  amount o f  
t h e  w u r t z i t e  c r y s t a l l i n e  form p r e s e n t .  The same
v>
p r o c e d u r e  f o r  c a l c u l a t i n g  i n t e g r a l  b r e a d t h s  was  u s e d  as  
f o r  diamond;  namely  t a k i n g  t h e - h i g h  a n g l e  s i d e  o f  t h e  
*2 r e f l e c t i o n .  The b r o a d e n i n g  c u r v e s  f o r  t h e  a s  r e c e i v e d
m a t e r i a l  a r e  shown i n  P i g .  1 4 .  The mos t  o b v i o u s  f e a t u r e
i s  t h e  e x c e p t i o n a l l y  b r o ad  102  r e f l e c t i o n ,  and i t  wou l d  
seem t h a t  a l l  hOl  r e f l e c t i o n s  t e n d  t o  be v e r y  b r o a d ,
I n  t h i s  c a s e  t h e r e  a re  t h r e e  001 r e f l e c t i o n s ,  0 0 2 - 0 0 4 - 0 0 6 ,
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and t h e s e  f a l l  on a1 s t r a i g h t  l i n e  g i v i n g  a s t r a i n  o f  . 0 0 1 5  
and a c r y s t a l  s i z e  o f  4 7 0  A p e r p e n d i c u l a r  t o  t h e  {0 0 l }  
p l a n e s .  The hOO p e a k s  were  s h a r p e r  t h an  t h i s .  Though  
t h e  200  c o u l d  n o t  he  me as u re d  owing t o  a n o t h e r  o v e r l a p p i n g  
r e f l e c t i o n ,  i t  c o u l d  he s e e n  t o  he s h a r p e r  t h a n  t h e  • 
a d j a c e n t  006  r e f l e c t i o n *
f ) B o r i d e s
Of t h e  many c l a s s e s  o f  h o r i d e s  o n l y  t h r e e  were  
e x a m i n e d .  T h e s e  were  s a m p l e s  from t h e  g r o u p s  MB^, ^£"^5 
and MBg. Three  d i h o r i d e s  were  a v a i l a b l e ;  t h o s e  o f  
t i t a n i u m ,  z i r c o n i u m  and n i o h i u m .  One e a c h  o f  t h e  o t h e r  
t y p e s  was l o o k e d  a t ;  nam e l y  MO2B,- and LaB^.
Of t h e  d i h o r i d e s  a v a i l a b l e  t h o s e  o f  t i t a n i u m  and  
z i r c o n i u m  g a ve  e x c e p t i o n a l l y  sh a r p  p r o f i l e s  i n  t h e  a s  
r e c e i v e d  c o n d i t i o n .  Prove<  ^ e x c e p t i o n  b o t h
i n  t h e  a s  r e c e i v e d  c o n d i t i o n  and a f t e r  m i l l i n g . .  F i g *  15 
shows t h a t  c o n s i d e r a b l e  s t r a i n  was p r e s e n t  i n  t h e  m a t e r i a l  
i n  t h e  as  r e c e i v e d '  c o n d i t i o n . The s t r a i n  was . 0 0 3 2  
p e r p e n d i c u l a r  t o  {0 0 l} p l a n e s ,  and t h e r e  was s c a t t e r  
amongst  the  o t h e r  r e f l e c t i o n s ,  t h e  203  r e f l e c t i o n  b e i n g  
p a r t i c u l a r l y  b r o a d .  A f t e r  m i l l i n g ,  t h i s  e f f e c t  p e r s i s t e d  . 
and t h e  s t r a i n  p e r p e n d i c u l a r  t o  {0 0 l }  r o s e  t o  a b o u t  . 0 0 6 7 * 
t h o u g h  c u r i o u s l y  t h e r e  was no m e a s u r a b l e  c r y s t a l  s i z e  
b r o a d e n i n g  p r e s e n t .  I t  i s  p o s s i b l e  t h a t  w i t h  o n l y  two  
r e f l e c t i o n s  t o  work f rom,  s t a c k i n g  f a u l t s  may be b r o a d e n i n g
*
.  ,       ,   --
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c e r t a i n  r e f l e c t i o n s  more th an  o t h e r s .  Two o t h e r  m u l t i p l e  
o r d e r s  were  p r e s e n t ,  g i v i n g  s t r a i n s  o f  . 0 0 2 6  p e r p e n d i c u l a r
r e s p e c t i v e l y .  T h i s  t y p e  o f  b e h a v i o u r  i s  s i m i l a r  t o  what
one mi ght ,  e x p e c t  w i t h  g r a p h i t i c  n e t  s t r u c t u r e s .  - I t  i s
i n t e r e s t i n g  t o  n o t e  t h a t  Lipscomb and B r i t t o n  ha v e  p r o p o s e d
68a g r a p h i t e  n e t  l i k e  s t r u c t u r e  f o r  '•
T i t a n i u m  d i b o r i d e ,  h o w ev e r ,  b e h a v e d  i n  a much more  
i s o t r o p i c  manner,  as  d i d  z i r c o n i u m  d i b o r i d e .  The s t r a i n  
v a l u e s  o b t a i n e d  from P i g .  16 were . 0011 p e r p e n d i c u l a r  t o  
( 00 l )  and . 0 0 0 9  f o r  flOl]  w i t h  T i B g ,  and . 0 0 23  f o r  {00l}  
and . 0 0 2 7  p e r p e n d i c u l a r  to  {100} w i t h  ZrB^. -  As w i t h  t h e  
f a c e  c e n t r e d  c u b i c  c a r b i d e s  and t h e  c o v a l e n t *  e l e m e n t s  i t  
was p o s s i b l e  t o  r e l a t e  t h e  s t r a i n  i n d u c e d  t o  a f u n c t i o n  \
o f  b o n d s t r e n g t h ,  i n  t h i s  c a s e  t h e  h e a t  o f  f o r m a t i o n ,
A H ^ .  The s t r a i n  v a l u e  f o r  NbB^ h a s  be en  t a k e n  as  . 0 0 4 6*  
w h i c h  i s  t h e  mean v a l u e  o f  t h e  s t r a i n s  p e r p e n d i c u l a r  t o  
{1 00} and {00l} . P i g .  17 shows t h e  c ur v e  o b t a i n e d .  As  
w i t h  t h e  c o r r e s p o n d i n g  graph f o r  t h e  c a r b i d e s ,  P i g .  3 ,  
i t  can be s e e n  t h a t  h i g h  AH v a l u e s  i n d i c a t e  s t r o n g  b i n d i n g  
f o r c e s  w i t h i n  t h e  c r y s t a l  s t r u c t u r e  and a l a t t i c e  t h a t  
c a n n o t  be  broken  down e a s i l y  by m i l l i n g .  As w i t h  t h e  
c a r b i d e s  s l i g h t  i n c r e a s e s  i n  l a t t i c e  p a r a m e t e r s  w e r e  
n o t e d  a f t e r  m i l l i n g .
to  b o t h p l a n e s  and { 1 0 0 } .  The c r y s t a l  s i z e s
p e r p e n d i c u l a r  t o  (1 00] and (1 01} were 680  k  and 630 A
70
The r e s u l t s  o f  m i l l i n g  t h e  o t h e r  two “b o r i d e s  a r e
shown i n  F i g .  1 8 .  The as r e c e i v e d  LaB^ had a p e r f e c t
c r y s t a l  s t r u c t u r e ,  as  m e n t i o n e d  e a r l i e r .  Upon m i l l i n g *
t h e  c o l o u r  o f  t h e  m a t e r i a l  c ha ng ed  from B r i g h t  p u r p l e  t o
dark b l u e .  A f t e r  m i l l i n g ,  a d e v i a t i o n  p a t t e r n  was p r o d u c e d
w h i c h  was s i m i l a r  t o  t h a t - o b s e r v e d  w i t h  t a n t a l u m  c a r b i d e ,
t h ou g h many more r e f l e c t i o n s  were  p r e s e n t  b e c a u s e  LaBg
i s  p r i m i t i v e  c u b i c .  I t  can be s e e n  t h a t  t h e  s t r a i n  i n
t h e  ^111^ d i r e c t i o n  ( . 0 0 1 8 )  was g r e a t e r  t h a n  i n  t h e .  1^00^
d i r e c t i o n  ( . 0 0 1 2)  or t h e  ^11 0^ d i r e c t i o n  ( . 0 0 1 6 ) .  The
c r y s t a l  s i z e s  were  820 A f o r  ^111^ , 670 A f o r  ^110^
and 960 A f o r  ^1 00^ • The mean s t r a i n  v a l u e  was . 00 15 *
. \  .
The MOgBj- showed c o n s i d e r a b l e  a n i s o t r o p y .  Owing t o  the
l a r g e  c s p a c i n g  of  t h e  l a t t i c e  ( c  = 21 A) ,  many o f  t h e
r e f l e c t i o n s  o v e r l a p p e d  and o n l y  a f ew c o u l d ' b e  u s e d .
The. s t r a i n  v a l u e  p e r p e n d i c u l a r  t o  {00l}  p l a n e s  was . 0 0 3 6
and t h e  c r y s t a l  s i z e  a p p r o x i m a t e l y  14-00 A.
g)  M e t a l s
For  c o m p a r i s o n  p u r p o s e s  s e v e r a l  m e t a l s  were  m i l l e d  
•in t h e  same p o t  f o r  f o u r  h o u r s .  I t  was hop ed  t o  m i l l  
a l l  t h e  p a r e n t  m e t a l s  o f  t h e  compounds u s e d ,  b u t  t h e r e  
were  o x i d a t i o n  p r o b l e m s  w i t h  t i t a n i u m ,  z i r c o n i u m  and  
vanadium and i t  was i m p o s s i b l e  t o  o b t a i n  n i o b i u m  w h i c h  
was h y d r i d e  f r e e .  Ta nt a lu m,  molybdenum and t u n g s t e n  were,  
a l l  m i l l e d  and t h e  mean s t r a i n  v a l u e s  o b t a i n e d  from t h e
7 1
A
H a l l  p l o t  method we re  r e s p e c t i v e l y  *0064> . 0 0 2 2  and  
, 0 0 3 1 *  V a l u e s  o b t a i n e d  from t h e  H a l l  p l o t  method f o r  
f i l i n g s  o f  molybdenum and t u n g s t e n  we re  *0 0 3 ^  and . 0 0 6 * ^ .  
L a t t i c e  p a r a m e t e r  m e as ur eme nt s  were  a g a i n  made and i t  
was f o u n d  t h a t  m i l l i n g  o f  t h e  open body c e n t r e d  c u b i c  
s t r u c t u r e  p r o d u c e s  a s t r a i n e d  l a t t i c e  w i t h o u t  any  
i n c r e a s e s  i n  p a r a m e t e r *  . T h i s  can b.e compared w i t h  t h e  
c l o s e  p a c k e d  s t r u c t u r e  o f  . t h e  f a c e  c e n t r e d  c u b i c  c a r b i d e s *  
A l l  t h e  r e s u l t s '  f o r  t h i s  g e n e r a l  s u r v e y  a r e  shown  
i n  T a b l e  2•
\
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TABLE 2
THE EFFECTS OE FOUR HOURS BALL-MILLING- ON THE
MATERIALS CONSIDERED IN THE GENERAL SURVEY
Ma te r i a l S t r u c t u r e L a t t i c e  P a r a m e t e r Mean S t r a i r
I n i t i a l M i l l e  d
C Diamond 3 .5671 & 3 . 5 6 7 8  £ . 0 0 0 3
S i Diamond . 5 . 4 3 0 2 5 . 4 2 9 9 . 0 0 2 4
G-e Diamond 5 . 6 5 6 7 '  : 5 . 6 5 7 4 . 0 0 3 6
Mo , B . C . C . 3 . 1 4 7 2 3 . 1 4 7 2 . 0 0 2 2
W B .C . C. 3 . 1 6 4 8 ‘ 3 . 1 6 4 8 .0031
Ta B. C. C. 3 . 3 1 0 3 . 3 1 1 . 0 0 6 4
TiC * NaCl - 4 . 3 2 7 . 0 0 2 4
ZrC : NaCl 4 . 6 9 2 0 4 . 6 9 3 5 .0031
TaC NaCl 4 . 4 5 6 1 4 . 4 5 7 7 . 0 0 3 8
NbC NaCl  - 4 . 4 7 0 4 4 . 4 7 0 7 .0041
VC NaCl  ’ - 4 . 1 6 . 0 0 6 3
WC NiAs a = 2 . 9 0 6 4  
. 0 = 3 . 1 1 4
. 2 . 9 0 6 9  
3 . 1 1 4 . 0 0 3 9
Mo2C C. P . H. a=3 . 0 1 1 0  
c= 4 . 7 3 7 0
3 . 0 1 2 2
4 . 7 4 0 6 . 0 0 4 3
AIN ■ W u r t z i t e a =4 . 9  8 6 
c = 3 . 1 9 2
\ 4 . 9 8 0  • 
3 . 1 9 2 . 0 0 4 3  a
TaN W u r t z i t e 0 = 2 . 9 0 8 2 . 9 0 8 . 0 0 2 7
TiN NaCl - 4 . 2 3 4 . 0 0 4 3
BN G r a p h i t e a=2 .31 
c = 6 . 639 _ . 0 0 1 3  b
T i B 2 H e x a g o n a l a=3 0 030 
c = 3 . 2 2 7
3 . 0 3 2  : 
3 . 2 2 8 .0011
ZrB2 H e x a go n a l a = 3 . 1 688  > = 3 . 5 3 0 9
' 3 . 1 7 0 2  
3 . 5 3 2 2 . 0 0 2 6
™ 2 H e x a g o n a l  _. a = 3 . 1 0 93c =3 • 2 6 6
3 . 1 1 1
3 . 2 6 7 . 0 0 4 7
M°2b 5 Rhombohedral a = 3 . 01 0
c = 2 0 .93-^’ 2 0 . 9 0 . 0 0 3 6
L aB ^ P r i m i t i v e
Cubic
4 . 1 5 6 5 4 . 1 5 6 7 . 0 0 1 3
a = A f t e r  1 hour  m i l l i n g
? i 3 . ' 2
Powder p h o t o g r a p h s  of le rm anium
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CHAPTER FIVE
DEFORMATION AND ANNEALING- OF SILICON AND GERMANIUM
The i n t r o d u c t o r y  work d e s c r i b e d  i n  Chapt er  3 showed  
t h a t  t h e r e  wo ul d  be no p r a c t i c a l  d i f f i c u l t i e s  i n v o l v e d  
i n  e x t e n d i n g  t h e  work on s i l i c o n  and germanium,  a l t h o u g h  
t h e  r e f l e c t i o n s  became w ea k e r  a t  h i g h  a n g l e s  ( s e e  F i g *  2 ) .
A c o m p l e t e  m i l l i n g  programme was u n d e r t a k e n  w i t h  e a c h  
m a t e r i a l . '  T h i s  i n v o l v e d  u s i n g  m i l l i n g  t i m e s  o f  1 ,  2 ,  k-}
8 ,  16 and.  32  h o u r s  w i t h  s i l i c o n  and 1 ,  2 ,  k-9 and 8 h o u rs  
i n  t h e  c a s e  o f  germanium.  I t  had a l s o  b e e n  f o u n d  t h a t  
each o f  t h e s e  m a t e r i a l s  c o u l d  be  a n n e a l e d  s u c c e s s f u l l y  
i n  h y d r o g e n ,
a)  Germanium
With germanium t h e  end c a p s  o f  t h e  t u n g s t e n  c a r b i d e  
p o t  were  m o d i f i e d  t o  cope  w i t h  t w i c e  t h e  volume o f  m a t e r i a l  
The m i l l i n g  t i m e s  e mpl oye d  f o r  germanium are  t h e r e f o r e  
n o t  c o mp a ra bl e  w i t h  t h o s e  u s e d  f o r  s i l i c o n .  I n  F i g .  2 
t h e  e f f e c t  o f  t h e  m i l l i n g  i s  shown i n  powder p h o t o g r a p h s .  
F i g .  19 shows t h e  G a u s s i a n  H a l l  graph o b t a i n e d  f rom t h e  
m a t e r i a l  i n  t h e s e  p h o t o g r a p h s ,  and  a l s o  a c a l c u l a t e d  
c u r v e  b a s e d  on e l a s t i c  m o d u l i .  I t  can be s e e n  how 
c l o s e l y  t h e  t h e o r e t i c a l  c u r v e  f i t s  t h e  r e a d i n g s .
A c e r t a i n  amount o f  F o u r i e r  A n a l y s i s  was p e r f o r m e d  
on m a t e r i a l ^ w h i c h  ,had b e e n  m i l l e d  f o r  f o u r  h o u r s .  The 
r e s u l t s  o b t a i n e d  are  shown i n  F i g s .  20 -  2 3 .  The u p p e r
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c u r v e  on F i g .  20 c o r r e s p o n d s  t o  t h e  c o s i n e  c o e f f i c i e n t s , • 
G-r(L),  o f  a 220 p r o f i l e  o f  a n n e a l e d  germanium.  The c o s i n e  
c o e f f i c i e n t s  o f  a b a l l - m i l l e d  s p e c i m e n ,  H r ( L ) ,  a r e  a l s o  
shown.  When t h e  S t o k e s  c o n v o l u t i o n  method i s  a p p l i e d  
u s i n g  t h e  compu t er  program,  t h e  r e s u l t  i s  c u r v e  A(L)  w h i c h  
r e p r e s e n t s  t h e  F o u r i e r  c o e f f i c i e n t s  due t o  the  s p e c i m e n  
a l o n e *  I t  can  be s e e n  t h a t  i n  a v e r y  broad  p e a k  s u c h  as  
t h i s  t h e  e f f e c t  o f  i n s t r u m e n t a l  b r o a d e n i n g  i s  s m a l l  
compared t o  t h e  t o t a l  b r o a d e n i n g .  S i n e  c o e f f i c i e n t s ,
B ( L ) ,  r e p r e s e n t i n g  t h e  s p e c i m e n  a l o n e  have  a l s o  b e e n  
p l o t t e d .  T he se  r e s u l t  from as ymmetry  and peak  s h i f t s ,  
and a re  c a u s e d  by l o c a l  d e v i a t i o n  from t h e  l o n g  r a n g e  
o r d e r  mean s t r a i n .  E x p e r i m e n t a l  e r r o r s , , p a r t i c u l a r l y  
when p e r f o r m i n g  t h e  s e p a r a t i o n  u s i n g  Rac h i n g e r ’ s m e t h o d ,  
may. a l s o  c o n t r i b u t e  t o  a s ymme tr y .  As t h e  B(L)  v a l u e s  
were  n e a r l y  a l w a y s  s m a l l ,  a s  i n  t h i s  c a s e ,  no q u a n t i t a t i v e  
a n a l y s i s  o f  s i n e  t erms  was a t t e m p t e d .  The i n s t r u m e n t a l  
p r o f i l e  a l s o  gave  s m a l l  s i n e  t e r m s ,  c a u s e d  by a. s m a l l  
amount o f  asymmetry p r o b a b l y  c a u s e d  by p h y s i c a l  f a c t o r s  
such  a s  a b s o r p t i o n .
The n e x t  s t e p  i n  i n t e r p r e t i n g  F o u r i e r  c o e f f i c i e n t
d a t a  i s  t o  i n t e r p o l a t e  from t h e  AT v e r s u s  L g r a ph  v a l u e s
f o r  Aj. a t  s p e c i f i c  v a l u e s  o f  L.  Wljen t h i s  has  b e e n  done
2f o r  e ach  p e a k ,  a g raph  i s  p l o t t e d  o f  l o g  A^ a g a i n s t  h Q 
0 0 0
(=h +k +1 ) to  s e p a r a t e  the  e f f e c t s  o f  c r y s t a l  s i z e  and
■. ft , ■ ■ •.
s t r a i n  a c c o r d i n g  t o  t h e  e q u a t i o n
PF 2rt2 h o 2L2< £ 2> l n AL = l nAL -   ------------- •— ----r
cl *
Thus t h e  i n t e r c e p t  g i v e s  t h e  c r y s t a l l i z e  c o e f f i c i e n t s
PFAl and the  s l o p e  o f  t h e  g r aph  when p l o t t e d  f o r  l og^ QA^
2 2 /  2v 2
i s  2 . 3 0 3 n  L / / a  . From t h i s  e q u a t i o n ,  v a l u e s  o f
/  2 \  ~t h e  r o o t  mean s q u a r e  s t r a i n  / 2 a v e r a g e d  o v e r  c e r t a i n
v a l u e s  o f  L can he  o b t a i n e d .  To do t h i s  e x t r a p o l a t i o n ,
i t  i s  d e s i r a b l e  t o  h a v e . m u l t i p l e  o r d e r s  o f  r e f l e c t i o n s
and o f t e n  o n l y  two o r d e r s  a r e  p r e s e n t .  T h i s  i s  t h e  c a s e
w i t h  germanium a s  shown i n  F i g .  2 1 .  F i g .  21 i s  a g r a p h  
2
o f  h v e r s u s  l o g  AT f o r  the  220 -  4 40  r e f l e c t i o n s  o f  o D L
germanium b a l l - m i l l e d  f o r  f o u r  h o u r s .  For L = 75 
a l l  t h e  r e f l e c t i o n s  up t o  44 0  have  been p l o t t e d  t o  
i l l u s t r a t e  t h e  d e v i a t i o n  t h a t . o c c u r s . I t  can be s e e n  
t h a t  t h e  d e v i a t i o n  t h a t  o c c u r s  i s  r o u g h l y  s i m i l a r  t o
# 2 jjc 2
t h a t  whi ch  was p r e s e n t  i n  t h e  (/3 ,) v e r s u s  (d  ) g r a p h
o f  F i g . 4 .
- PFI n  F i g .  22 t h e  e x t r a p o l a t e d  v a l u e s  ha v e  b e e n
p l o t t e d  a g a i n s t  L.  The i n i t i a l  s l o p e  e x t r a p o l a t e d  o n t o
t h e  L a x i s  y i e l d s  t h e  e f f e c t i v e  c r y s t a l  s i z e ,  i n
t h a t  p a r t i c u l a r  d i r e c t i o n .  I n  t h i s  i n s t a n c e  ^110^ =
160 S .  The s e c o n d  d e r i v a t i v e  o f  t h i s  c u r v e  g i v e s  t h e
c r y s t a l  s i z e  d i s t r i b u t i o n .  I n  p r a c t i c e  t h i s  i s  e x t r e m e l y
PFd i f f i c u l t  t o  o b t a i n  a s  t h e  v a l u e s  o f  A^ become l e s s  
r e l i a b l e  as  L g e t s  l a r g e r .  The c l o s e r  t h e  c ur v e  g e t s  t o
t h e  L a b s c i s s a  b e f o r e  d e v i a t i n g  from a s t r a i g h t  l i n e ,  t h e  
s m a l l e r  i s  t h e  c r y s t a l  s i z e  d i s t r i b u t i o n .
One o t h e r  common f e a t u r e  i s  p r e s e n t  on t h i s  g r a p h .
T h i s  i s  t h e  s o - c a l l e d  "hook e f f e c t ! 1. Th i s  i s  t h e  c u r v i n g  
o v e r  o f  t h e  graph a t  low v a l u e s  o f  L and i s  t h o u g h t  t o  
be due t o  t a k i n g  t h e  b a c kg r ou n d  a t  t o o  h i g h  a l e v e l .
V a l u e s  o f  ( ^ ^ ) 2 , the  r o o t  mean s q u a r e  s t r a i n ,  ha v e  be en
p l o t t e d  a g a i n s t  L i n  F i g .  23 • For low v a l u e s  o f  L t h e
s t r a i n  i s  v e r y  h i g h ,  t h i s  p r o b a b l y  b e i n g  c a u s e d  by t h e  
'hook e f f e c t .  I t  i s  o i s u a l  t o  q u o t e  s t r a i n  v a l u e s  a v e r a g e d  
o v e r  s p e c i f i c  l e n g t h s  L.  I n  t h i s  c a s e  t h e  q u o t e d  v a l u e  
f o r  50  A w ou l d  be d e s c r i b e d  as  001 53® -
When t h e  m a t e r i a l  i s  i s o t r o p i c ,  a l l  t h e  v a l u e s  f o r
2 •l o g  v e r s u s  h Q f a l l  on a s t r a i g h t  l i n e  and s t r a i n  v a l u e s
can be  c a l c u l a t e d  u s i n g  t h e  maximum amount o f  a c c u r a c y .  *
With a n i s o t r o p i c  m a t e r i a l s ,  t h e  l a r g e  d e v i a t i o n  a t  h i g h
v a l u e s  o f  L p r e c l u d e s  t h e  p o s s i b i l i t y  o f  t a k i n g  a v e r a g e
s l o p e s  f o r  d e t e r m i n i n g  s t r a i n s .  Thus i t  becomes  e s s e n t i a l
. ' 
t o  d e a l  w i t h  m u l t i p l e  o r d e r s .  The r e s u l t s  o b t a i n e d  from
t h e  111 and k-k-b- r e f l e c t i o n s  a r e - s h o w n  i n  F i g .  2A«
V a r i a n c e  mea su r eme nt s  were  a l s o  t a k e n  f rom t h e  same
t r a c e s  ' t h a t  w e re  u s e d  f o r  t h e  F o u r i e r  A n a l y s i s  me as ur e m e nt s
The se  were  o f  the  s t r a i g h t - f o r w a r d  t y p e  and were  made by
a s s u m i ng  t h e  same l e v e l  o f  bac kg r ou n d  a s  f o r  t h e  F o u r i e r
m e a s u r e m e n t s . The r e s u l t i n g  graph i s  shown i n  F i g .  25*
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W(20)  c o s 0 / ^ A 2 0  has  b e e n  p l o t t e d  a g a i n s t  s i n 0 t a n 0 / X A 2 0 ,  
t h e  s l o p e  o f  t h e  graph b e i n g  p r o p o r t i o n a l  t o  t h e  s t r a i n  
and t he  i n t e r c e p t  t o  t h e  c r y s t a l  s i z e .
R e s u l t s  from t h i s  p a r t i c u l a r  m a t e r i a l  were  worked  
o u t  by s e v e r a l  d i f f e r e n t  m e t h o d s .  These  are  shown i n  
T a b l e  3 •
The v a l u e s  q u o t e d  i n  t h i s  t a b l e  f a l l  i n t o  t h r e e  
main c a t e g o r i e s .  The f o u r  H a l l  s e t s  o f  f i g u r e s  g i v e  
s i m i l a r  s t r a i n  v a l u e s ,  bu t  t h e  c r y s t a l  s i z e s  d i f f e r  
a c c o r d i n g  t o  t h e  method u s e d  f o r  s u b r a c t i n g  t h e  i n s t r u m e t a l  
The q u a d r a t i c  Wagner method g i v e s  h i g h e r  s t r a i n  f i g u r e s  
and l o w e r  c r y s t a l  s i z e s . .  The F o u r i e r  method g i v e s  l o w e r  
v a l u e s  f o r  b o t h  s t r a i n  and c r y s t a l  s i z e .  H e r e ,  a s  e l s e ­
w he re  u n l e s s  o t h e r w i s e  s t a t e d ,  t h e  q u o t e d  r e s u l t  i s  t h e  
r o o t  mean s q u a r e  s t r a i n  a v e r a g e d  o v e r  50 A.  F i n a l l y ,  t h e  
v a r i a n c e  me th od  h a s  g i v e n  r e s u l t s  w h i c h  ar e  i n c o n s i s t e n t .  
T h i s  i s  p r o b a b l y  due t o  t he  f a c t  t h a t  a s m a l l  v a r i a t i o n
i n  b a c kg ro u n d  l e v e l  l e a d s  t o  a l a r g e  change  i n  t h e  m e a s u r e d
72v a r i a n c e .  T h i s  has  b e e n  n o t e d  by Wagner , and i t  was  
d e c i d e d  n o t  t o  do any a d d i t i o n a l  work w i t h  t h i s  t e c h n i q u e .
* ' 2  *  v  2Of t h e  o t h e r  t e c h n i q u e s ,  t h e  Wagner (^ 3 ) / ( d  j method i s  
t h o u g h t  t o  g i v e  r e s u l t s  wh i ch  are  c l o s e s t  t o  t h e  F o u r i e r  
m e t h o d .  The c r y s t a l  s i z e s  a r e  n o r m a l l y  a bo ut  d o u b l e
t h o s e  o b t a i n e d  from F o u r i e r  A n a l y s i s .  As i t  i s  s i m p l e■
t o  a p p l y . a n d  d o e s  n o t  empl oy  t h e  e l a b o r a t e  c a l c u l a t i o n s
n e e d e d  by t h e  F o u r i e r  me th od ,  i t  was d e c i d e d  t o  u s e  t h e  
Wagner method f o r  t h e  b u l k  o f  t h e  work .  N e v e r t h e l e s s  
when t i m e  p e r m i t t e d  t h e  F o u r i e r  method was u s e d  t o  c h e c k  
t h e  r e s u l t s •
A sample  o f  germanium b a l l - m i l l e d  f o r  f o u r  h o u r s  was  
e xa mi n e d  i n  t h e  e l e c t r o n  . m i c r o s c o p e  EM6G-. T h i s  sample  
had b e e n  d i s p e r s e d  w i t h  an "AGLA" a l l - g l a s s  a t o m i s e r  and 
some o f  t h e  p a r t i c l e s  were  q u i t e  i s o l a t e d .  A t y p i c a l  
p a r t i c l e  i s  shown i n  F i g .  2 6 .  F o u r i e r  A n a l y s i s  g a v e  t h e  : 
c r y s t a l  s i z e  as  200 A. The p a r t i c l e  i n  F i g .  2 6 i s  
a p p r o x i m a t e l y  400  A a c r o s s .  A s e l e c t e d  a r e a  d i f f r a c t i o n  
p a t t e r n ,  F i g . 2 7 >  from t h e  p a r t i c l e  shows b a s i c a l l y  a 
s i n g l e - c r y s t a l  p a t t e r n ,  a l t h o u g h  s e v e r a l  o f ' t h e “s p o t s  show 
s p l i t t i n g .  T h i s  s p l i t t i n g  c o u l d  be t h e  r e s u l t  o f  a l ow  
a n g l e  boundary  i n  t h e  p a r t i c l e *
The r e s u l t s  o f  b a l l - m i l l i n g  germanium i n  t h e  d o u b l e  
s i z e d  t u n g s t e n  c a r b i d e  p o t  a r e  shown i n  F i g .  2 8 .  C e r t a i n  
i n c o n s i s t e n c i e s  a re  p r e s e n t  i n  t h e  weak 4 4 4  r e f l e c t i o n  
a f t e r  l o n g  m i l l i n g  t i m e s ,  bu t  g e n e r a l l y  t h e  d e v i a t i o n  
p a t t e r n s  a r e  s i m i l a r .  The s t r a i n  v a l u e s  c a l c u l a t e d  from  
t h i s  g r a p h  and from t h e  H a l l  p l o t  o f  F i g .  19 have  b e e n  
p l o t t e d  a s  a f a c t o r  o f  t i m e  i n  F i g .  29# T h e s e . s h o w  a 
c o n t i n u i n g  b u i l d  up o f  s t r a i n  e v e n  a f t e r  8 h o u r s  m i l l i n g . '  
The H a l l  p l o t  v a l u e s  f o r  t h e  mean s t r a i n  l i e  b e t w e e n  t h e  
Wagner s t r a i n  v a l u e s  f o r  p a r t i c u l a r  d i r e c t i o n s .
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I n  o r d e r  to p r o v i d e  s u f f i c i e n t  m a t e r i a l  from t h e  
same h a t c h  f o r  a n n e a l i n g ,  a new p o t  was b u i l t  w i t h  a much 
l a r g e r  c a p a c i t y .  With germanium t h i s  a l l o w e d  5 grams t o  
be m i l l e d  t o g e t h e r .  The p o t  was d r i l l e d  from a 2" 
d i a m e t e r  p e r s p e x  r o d .  The end c aps  were  o f  p u r e  s i n t e r e d
t u n g s t e n  c a r b i d e ,  and two ■§" d i a m e t e r  g r i n d i n g  b a l l s  o f
* .
c o b o l t  bonded t u n g s t e n  c a r b i d e  were  u s e d .  The germanium 
i n  t h i s  c a s e  was m i l l e d  f o r  f o u r  h o u r s  and t h e n  a n n e a l e d  
f o r  f o u r  ho urs  a t  t e m p e r a t u r e .  The a n n e a l i n g  was p e r f o r m e d  
under  h y d r o g e n  and one 5;gram m i l l i n g  c h a r ge  p r o v i d e d  
enough m a t e r i a l  f o r  a l l  t h e  d e s i r e d  a n n e a l s .  The a n n e a l i n g  
c u r v e s ,  F i g s .  30 and 31 show g r a d u a l  r e l e a s e  o f  s t r a i n ,  
t h o u g h  t h e r e  i s  some e v i d e n c e  o f  a two s t a g e  r e a c t i o n .
The r a t e  o f  s t r a i n  r e l i e f  i s  g r a d u a l  b e l o w  4 0 0 ° C ,  b u t  
above  400°C i t  i n c r e a s e s  r a p i d l y .  T h i s  can b e  l i k e n e d  
t o  t h e  r e c o v e r y - r e c r y s t a l l i z a t i o n  p r o c e s s  t h a t  t a k e s  
p l a c e  i n  m e t a l s .  R e c r y s t a l l i z a t i o n  t h u s  seems  t o  o c c u r  
b e t w e e n  400°C and 600°C,  when a l a r g e  amount o f  s t r a i n  
i s  r e m o v ed .  At  600°C and a b o v e ,  t h e  c r y s t a l  s i z e  i n c r e a s e s ,  
i n d i c a t i n g  g r a i n  g r ow th .
An i n t e r e s t i n g  f e a t u r e  o f  t h e  a n n e a l i n g  c u r v e s ,  F i g . 3 0 ,  
i s  t h e  b e h a v i o u r  o f  t h e  533 r e f l e c t i o n .  The 4 4 4  r e f l e c t i o n  
t h a t  f o l l o w s  t h e  533 was n e a r l y  a l w a y s  s h a r p e r  t h an  w i t h  f 
t h e  b a l l - m i l l e d  s a m p l e s  ( s e e  F i g .  2 8 ) .  The 8 hou r  s am p l e  
was a n ' e x c e p t i o n  t o  t h i s ,  b u t  t h i s  may h a v e  b e e n  due t o
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an e r r o r  i n  measurement  b r o u g h t  a bo u t  by t h e  h i g h  b a c k ­
ground and low i n t e n s i t i e s  o f  t h e  r e f l e c t i o n s  i n v o l v e d .
On a n n e a l i n g ,  t h e r e f o r e ,  the  533 s h a r p e n s  to  a s u r p r i s i n g  
d e g r e e .  The 4 4 4  a l s o  became much s h a r p e r  and t h e  s t r a i n  
r e l i e f  a t  200°C i n  t h e  ^111^ d i r e c t i o n  was much g r e a t e r  
than i n  t h e  <(l1 0> d i r e c t i o n .  A p o s s i b l e  e x p l a n a t i o n  f o r  
t h i s  i s  s t a c k i n g  f a u l t s .  I n  t h e  b a l l - m i l l e d  s a m p l e s  t he  
S t r a i n ^  q/ S t r a i n ^   ^ r a t i o  was s l i g h t l y  l a r g e r  t h a n  t h e  
p r e d i c t e d  v a l u e  o f  1 . 1 1 .  The v a l u e s  meas ured  were  g e n e r a l l y  
b e t w e e n  1 . 2 0  and 1 . 3 0 .  T h i s  p a r t i c u l a r  m i l l e d  s amp l e  had  
an i n i t i a l  v a l u e  o f  1 . 2 1 .  A f t e r  a n n e a l i n g  a t  £ 0 0 ° C ,  400°C  
and 600°C t h e  v a l u e s  became 1 .49*'  1 . 2 9 >  and 1 . 1 9  r e s p e c t i v e l y .  
T h u s ,  as imeasured from t h e  s l o p e  o f  t h e  two r e f l e c t i o n s ,  
t h e  s t r a i n  i n  t h e  ( l  1 1^  d i r e c t i o n s  i s  much h i g h e r  t h an  
p r e d i c t e d .  The t y p e  o f  s t a c k i n g  f a u l t  n o r m a l l y  a s s o c i a t e d  
w i t h  f a c e  c e n t r e d  c u b i c  m e t a l s  g i v e s  r i s e  t o  b r o a d e r  4 4 4  
r e f l e c t i o n s  t h a n  normal*.  I t  c o u l d  t h e r e f o r e  be i n f e r r e d  
t h a t  d u r i n g  l ow  t e m p e r a t u r e  a n n e a l i n g ,  r e c o v e r y  o c c u r s ,  . 
r e s u l t i n g  i n  t h e  growth o f  s t a c k i n g  f a u l t s  i n  ^111^ p l a n e s .
When r e c r y s t a l l i z a t i o n .  o c c u r s  a t  abou t  600°C,  t h e  4 4 4
\
r e f l e c t i o n s  s h ar p e n  and t h e  s t a c k i n g - ^ f a u l t s  a r e  r e m o v e d .
Peak p o s i t i o n s  d i d  n o t  r e v e a l  any o f  t he  c o n s i s t e n t  movements  
n o r m a l l y  a s s o c i a t e d  w i t h  s t a c k i n g  f a u l t s ,  a l t h o u g h  a c c u r a t e  
d e t e r m i n a t i o n s  o f  peak p o s i t i o n s  were  n o t  e a s y  w i t h  such  
b ro ad  r e f l e c t i o n s .  To c o n f i r m  t h a t  t h i s  b e h a v i o u r  was due
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t o  s t a c k i n g  f  a u l t s a l t  hough a c c u r a t e  d e t e r m i n a t i o n s  o f  
peak p o s i t i o n s  were  n o t  e a s y  w i t h  s uc h  b r o a d  r e f l e c t i o n s .
To conf irm-  t h a t  t h i s  b e h a v i o u r  was due t o  s t a c k i n g  f a u l t s  
i t  wo u l d  be n e c e s s a r y  t o  measure  t h e  b r e a d t h s  o f  s e v e r a l  
o r d e r s  o f  (hhhj r e f l e c t i o n s .
A l t h o u g h  d e t e r m i n a t i o n  o f  t h e  e x a c t  pe ak  p o s i t i o n s  
was d i f f i c u l t ,  i t  was f o u nd  t h a t  t h e r e  were s l i g h t  i n c r e a s e s  
i n  l a t t i c e  p a r a m e t e r s  on* b a l l - m i l l i n g .  On a n n e a l i n g  
t h e  p a r a m e t e r  r e t u r n s  t o  i t s  o r i g i n a l  v a l u e ,
b)  S i l i c o n
The s i l i c o n  sample  was o b t a i n e d  from K o c h - L i g h t
L a b o r a t o r i e s  L i m i t e d  and had a p a r t i c l e  s i z e  q u o t e d  a s
l e s s  t h a n  45 m i c r o n s .  A s c a n n i n g  e l e c t r o n  m i c r o g r a p h
i s  shown i n  F i g .  3 2 .  T h i s  was t y p i c a l  o f  most  o f  t h e
m a t e r i a l  ex ami ne d  and shows  a wi de  r a n g e  o f  p a r t i c l e  s i z e s .
D e f i n i t e  c r y s t a l  f a c e s  c a n  be seen," p a r t i c u l a r l y  on t h e
l a r g e r  p a r t i c l e s .  The s i z e  r a n g e  i n  F i g .  32 i s  from 5
m i c r o n s  down tp m i c r o n .  P a r t i c l e s  up t o  10 m i c r o n s
were  n o t e d .  In  t h i s  t y p e  o f  camera t h e  s c a l e  i n  one
p l a n e  i s  f o r e s h o r t e n e d  by t h e  angle -  o f  t i l t .  I n  a l l  o f
t h i s  work w i t h  powders  t h e  a n g l e  was 2 0 ° ,  and. i n  t h i s  and-
a l l  s u b s e q u e n t  p h o t o g r a p h s  t a k e n  w i t h  t h e  S t e r e o s c a n  t h e  \ •
m a g n i f i c a t i o n  a p p l i e s  t o  t h e  h o r i z o n t a l  p l a n e .
The s i l i c o n  s a m p l e s  were  m i l l e d  i n  t h e  7 nil c a p a c i t y
t u n g s t e n  c a r b i d e  p o t  and t h e  r e s u l t s  o f  the  m i l l i n g  a r e
c ‘
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shown i n  F i g s ,  33 -  3 3 -  The s t r a i n  v a l u e s  were  o b t a i n e d
from t h e  (/? ) 2/ ( h Q) 2 p l o t s  o f  F i g ,  3 4 -  They r e p r e s e n t
t h e  s t r a i n s  i n  t h e  ^110^ d i r e c t i o n s  o b t a i n e d  from t h e
s l o p e  o f  t h e  l i n e  j o i n i n g  the  220 and 4 4 0  r e f l e c t i o n s .
They h a v e  be en  p l o t t e d  a g a i n s t  t i m e  on a l o g a r i t h m i c
s c a l e  i n  F i g ,  35* An a t t e m p t  has b e e n  made t o  a l l o w  f o r
t h e  r e p r o d u c i b i l i t y  o f  t h e s e  me as ur e m e nt s  and an a r b i t r a r y
v a l u e  o f  +. 5% has  b e e n  drawn t o  accommodate  t h i s .
P a r t i c u l a r  d i f f i c u l t y  was e x p e r i e n c e d  i n  e s t a b l i s h i n g
a c c u r a t e l y  the* ba c kg r oun d  l e v e l  a t  h i g h  a n g l e s  f o r  s uch
br oa d  r e f l e c t i o n s .  C r y s t a l  s i z e s  we re  a l s o  c a l c u l a t e d
from t h e  2 2 0 - 4 4 0  s l o p e s  o f  F i g ,  3 4  and t h e s e  ha v e  a l s o
b e e n  p l o t t e d  on F i g ,  35* T he se  p r o v e d  t o  be l e s s  c o n s i s t e n
th an  t h e  s t r a i n  m e a s u r e m e n t s ,  b u t  d i d  show t h a t  t h e  f i n a l
c r y s t a l  s i z e  was around 3 3 0  JL. >
The d i s t i n c t i v e  s h a p e s  o f  t h e  p a t t e r n s  i n  F i g s ,  33
.and 3 4  a r e  p a r t l y  e x p l a i n e d  by t h e  v a l u e s  f o r  Y o u n g ' s
modulus  i n  d i f f e r e n t  d i r e c t i o n s  w i t h i n  t h e  l a t t i c e .
V a l u e s  o f - Y o u n g ' s  m o d ul i  have  been  c a l c u l a t e d  from t h e
73 *e l a s t i c  c o n s t a n t s  q u o t e d  by McSkimin e t  a l  , and  a ft ^
p l o t  has  b e e n  added t o  F i g ,  33 t o  r e p r e s e n t  a s t r e s s  o f  
12 2. 0 0 0 3  x 10 d y n e s / c m  . T h i s  t h e o r e t i c a l  c ur v e  i s  i n  
t h i c k e r  l i n e s  t h an  t h e  o t h e r s  and f o l l o w s  c l o s e l y  t h e  
shape  o f  t h e  p a t t e r n  o f  t h e  s ample  m i l l e d  f o r  8 h o u r s .
I n  p a r t i c u l a r  the  sharp 331 and 533 r e f l e c t i o n s  a r e
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r e p r o d u c e d  and most  d i f f e r e n c e s  are  w i t h i n  t h e  l i m i t s  
o f  e x p e r i m e n t a l  m e a s ur e m e nt .  The 5 1 1 ,  333 r e f l e c t i o n s  
show r a t h e r  a l o t  o f  s c a t t e r ,  h o w e v e r .  The two s e t s  o f  
r e f l e c t i o n s  a r e  superimposed and i t  i s  d i f f i c u l t  t o  p i n ­
p o i n t  t h e  r e a s o n s  f o r  t h e s e  d i f f e r e n c e s .  The Y o u n g ' s  
m o d u l i  f o r  t h e s e  two d i r e c t i o n s  d i f f e r  c o n s i d e r a b l y ,  and  
t h e  v a l u e  i n  t h e  t h e o r e t i c a l  c ur ve  has  been c a l c u l a t e d  
from t h e  w e i g h t e d  mean.  S t a c k i n g  f a u l t s  w oul d  a f f e c t  t h e  
333 r e f l e c t i o n s  and p r e f e r e n t i a l  p a c k i n g  o f  t h e  powder  
m i g h t  t e n d  to  i n f l u e n c e  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  
t h e  r e f l e c t i o n s  i n  t h e  p l a n e  o f  t he  d i f f r a c t o m e t e r . .
The b u i l d  up o f  s t r a i n  w i t h  t i m e  of, m i l l i n g  i s  shown 
i n  F i g .  3 5 . The t i m e  a x i s  i s  l o g a r i t h m i c  and s t r a i n  
s a t u r a t i o n  i s  r e a c h e d  a f t e r  ab o u t  1 6 h o u r s .  A f t e r  f o u r  
h o u r s  t h e  s t r a i n  c o u l d  s t i l l  be measured  f a i r l y  e a s i l y  
and so i t  was d e c i d e d  t o  p e r f o r m  a s e t  o f  a n n e a l i n g  
e x p e r i m e n t s  on s i l i c o n  m i l l e d  f o r  t h i s  l e n g t h  o f  t i m e 0
B e c a u s e  t h e  p o t  was s m a l l ,  s e v e r a l  m i l l i n g  r u n s  had  
to be  made t o  a c q u i r e  s u f f i c i e n t  m a t e r i a l ,  and t h i s  l e d  
t o  a c e r t a i n  amount o f  s c a t t e r  i n  t h e  s t r a i n  p r e s e n t  
i n  t h e  s t a r t i n g  m a t e r i a l  u s e d  f o r  a n n e a l i n g .  The a n n e a l i n g  
runs  were  a l l  o.f 2 ho urs  d u r a t i o n  a t  t e m p e r a t u r e ,  and were  
c o n d u c t e d  i n  an a t m o s p h e r e  o f  h y d r o g e n .  Due t o  v a r i a t i o n s  
i n  t h e  s t a r t i n g  m a t e r i a l ,  t h e  s t r a i n  i n  t h e  s a m pl e  a n n e a l e d  
a t  200°C i s  h i g h e r  than t h e  s t r a i n  o f  t h e  m i l l e d  s a m p l e
0t h a t  was e x a m i n e d .  Above 200°C t h e  s t r a i n  was p r o g r e s s i v e l y  
a n n e a l e d  a s  shown i n  F i g .  3&. The g raph  shows l a r g e
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amounts  o f  s t r a i n  r e l i e f  o c c u r r i n g  b e t w e e n  A00 and 600  C, 
and b e t w e e n  1 0 0 0 °  and 1 20 0° C,  when a l l  t h e  r e m a i n i n g  
s t r a i n  i s  r emoved .  T h i s  s t r a i n  r e l i e f  i s  a c c o m p a n i e d  by  
g r a i n  g r ow t h  as  t h e  c r y s t a l  s i z e  i n c r e a s e s  from an i n i t i a l  
v a l u e  o f  around  A00 k  t o  o v e r  800 k  a f t e r  a n n e a l i n g  a t  800°C
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CHAPTER SIX
• DEFORMATION AND ANNEALING- OP NaCl STRUCTURE 
INTERSTITIAL COMPOUNDS 
Tanta l um c a r b i d e  p r o v e d  t h e  most  s u i t a b l e  o f  t h e  
f a c e  c e n t r e d  c u b i c  c a r b i d e s  t o  work w i t h .  The i n i t i a l  
s u r v e y  had shown t h a t  t h e  p r o f i l e s  were  s ym m e t r i c  i n  
t h e  a s  r e c e i v e d ,  b a l l - m i l l e d  and a n n e a l e d  c o n d i t i o n s .  
Ni obi um c a r b i d e  b e ha v e d  i n  a s i m i l a r  manner,  b u t  was  
more e x p e n s i v e  and o n l y  a s m a l l  amount was a v a i l a b l e .
A f u l l  m i l l i n g  and a n n e a l i n g  programme was p e r f o r m e d  
w i t h  t a n t a l u m  c a r b i d e  i n c l u d i n g  m i l l i n g  i n  a p r e s p e x  
p o t ,  and a n n e a l i n g  f o r  v a r i o u s  l e n g t h s  o f  t i m e .
S e v e r a l  s a m p l e s  o f  TaC we re  exa mi ne d  by  e l e c t r o n  m i c r o ­
s c o p y .
A l t h o u g h  t h e  o t h e r  two c a r b i d e s  were  n o t  as  
s u i t a b l e  f o r  e x p e r i m e n t s  as  t a n t a l u m  c a r b i d e ,  a c e r t a i n  
amount o f  work was done w i t h  them i n  a d d i t i o n  t o  t h a t  
m e n t i o n e d  i n  C h a p t e r  T hr e e . .  A s m a l l  amount o f  b a l l -  
m i l l i n g  *and a n n e a l i n g  was p e r f o r m e d  w i t h  n i o b i u m  c a r b i d e ,  
and some b a l l - m i l l i n g  w i t h  z i r c o n i u m  c a r b i d e ,
a)  Tanta lum c a r b i d e
The s c a n n i n g  e l e c t r o n  m i c r o s c o p e  showed t h a t  t h e  
as r e c e i v e d  t a n t a l u m  c a r b i d e  c o n s i s t e d  o f  a f a i r l y  ,
w i d e  r a n ge  o f  p a r t i c l e  s i z e s .  T h e s e  were  from 4  m i c r o n s  
down t o  i  m i c r o n .  Most' o f  t h e  l a r g e r  p a r t i c l e s
e x h i b i t e d  c r y s t a l  f a c e s ,  and had a n g u l a r  s h a p e s .  An 
example  o f  t h e  as  r e c e i v e d  m a t e r i a l  i s  shewn i n  F i g .  38  
I n  g e n e r a l  t h e  p a r t i c l e s  were  e q u i a x e d .  They were  
t oo  l a r g e  f o r  e l e c t r o n  d i f f r a c t i o n  i n  t h e  c o n v e n t i o n a l  
e l e c t r o n  m i c r o s c o p e  t o  be  e f f e c t i v e .  Thus i t  was n o t  
p o s s i b l e  t o  d e t e r m i n e  w h e t h e r  . they  were  s i n g l e  c r y s t a l s
T h i s  m a t e r i a l  e x h i b i t e d  g o o d  x - r a y  d i f f r a c t i o n  
p r o f i l e s  w i t h  o n l y  s l i g h t  t r a c e s  o f  b r o a d e n i n g .  A
sj{ A ^ 2
-08 ) V ( d  r  a n a l y s i s  o f  t h i s  showed t h a t  t h e  b r o a d e n i n g  
was due t o  s t r a i n s  o f  .0011  and . 0 0 0 9 , and c r y s t a l  
s i z e s  o f  1420  S. and 1 8 6 0  $. i n  t h e  ^111^ and 1^00  ^
d i r e c t i o n s  r e s p e c t i v e l y  ( s e e  F i g .  3 9 ) *  The i n d i v i d u a l
r e f l e c t i o n s ,  w i t h  t h e  e x c e p t i o n s  o f  t h e  222  and 4-0 0 ,
)
were  v e r y  s t r o n g ,  and t h u s  i t  was much e a s i e r  t o  make  
i n t e g r a l  b r e a d t h  m e as ur eme nt s  t h a n  i t  had been w i t h  
s i l i c o n  or  germanium.  One d i s a d v a n t a g e  o f  f a c e  c e n t r e d  
c u b i c  m a t e r i a l s  i s  t h a t  t h e  p r o f i l e s  b e g i n  t o  o v e r l a p  
w i t h  o n l y  a sma l l ,  amount o f  b r o a d e n i n g .  T h i s  o c c u r s  
wi;bh t h e  p a i r s  o f  r e f l e c t i o n s  311 and 2 2 2 , and 331 • 
and 4 2 0 .  I t  t h e r e f o r e ,  becomes-  d i f f i c u l t  t o  m e a s ur e  
a c c u r a t e l y  t h e  i n t e g r a l  b r e a d t h  o f  t h e  i m p o r t a n t  222 
r e f l e c t i o n .
The e f f e c t s  o f  b a l l - m i l l i n g  t a n t a l u m  c a r b i d e  i n  
a s m a l l  t u n g s t e n  c a r b i d e  p o t  a r e  shown by t h e  powder  
p h o t o g r a p h s  o f  F i g .  40* T he se  were t a k e n  w i t h  CuK<x
r a d i a t i o n .  The as  r e c e i v e d  m a t e r i a l ,  w h i c h  was a l m o s t  
s t r a i n  f r e e ,  shows,  s harp  r e f l e c t i o n s .  The h i g h e s t  
a n g l e  r e f l e c t i o n ,  wh i c h  i s  t h e  4 4 0 , shows e x c e l l e n t  
r e s o l u t i o n  o f  t h e  d o u b l e t .  A f t e r  two h o u r s
m i l l i n g * t h e  4 4 0  was so  b road  t h a t  t h e  d o u b l e t  was no  
l o n g e r  r e s o l v e d .  F u r t h e r  m i l l i n g  l e a d s  t o  i n c r e a s e d  
d . i f f u s e n e s s , a s  can be  s e e n  from t h e  two l owe r  p h o t o ­
g r a p h s .  The 4 4 0  r e f l e c t i o n  was j u s t  be yo nd  t h e  h i g h e s t  
a n g l e  t h a t  c o u l d  be  r e c o r d e d  w i t h  t h e  d i f f r a c t o m e t e r  
u s i n g  GuKefc r a d i a t i o n .  D e s p i t e  t h e  i n c r e a s e  i n  b r e a d t h  
o f  t h e  h i g h  a n g l e  r e f l e c t i o n s ,  t h o s e  a t  low a n g l e ,  
r e m a i n e d  c o m p a r a t i v e l y  s h a r p .  T h i s  was an i n d i c a t i o n  
t h a t  much o f  t h e  b r o a d e n i n g  was c a u s e d  by s t r a i n .
The q u a n t i t a t i v e  e f f e c t s  o f  b a l l - m i l l i n g  * a r e  shown
* 2  * 2i n  F i g .  3 9 ,  a (/3 ) / ( d  ) p l o t  f o r  t a n t a l u m  c a r b i d e
b a l l - m i l l e d  f o r  i ,  1 , 2 , 4 , 8 and 1 6 h o u r s  i n  t h e
t u n g s t e n  c a r b i d e  p o t .  A t h i r t y - t w o  hou r  m i l l i n g  was
a l s o  u n d e r t a k e n ,  b u t  t h e  r e s u l t s  have  n o t  b e e n  p l o t t e d
h e r e  a s  t h e  v a l u e s  o b t a i n e d  o v e r l a p p e d  t h e  d a t a  f o r  t h e
16  hour  m i l l .  E x t r a p o l a t i o n  o f  t h e  1 1 1 - 2 2 2  and 2 0 0 - 4 0 0
s e t s  o f  r e f l e c t i o n s  f o r  each t i m e  o f  m i l l i n g  gave
. * \ 2t h e  r e c i p r o c a l s  o f  t h e  c r y s t a l  s i z e s  on t h e  (/3 ) - a x i s ,
Sjc 2
w h i l e  t h e  s t r a i n s  were c a l c u l a t e d  from t h e  (d ) d a t a  
c a l c u l a t e d  d u r i n g  t h e  e x p e r i m e n t .  The i n s t r u m e n t a l  
f a c t o r s  were  d e t e r m i n e d  from an as  r e c e i v e d  t a n t a l u m
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c a r b i d e  sample  a n n e a l e d  f o r  16 h o u r s  a t  1 i4-0 0 °C i n  
a r g o n .  T h i s  a n n e a l e d  sample  g a v e  s l i g h t l y  s h a r p e r  
r e f l e c t i o n s  t h an  one  p r e p a r e d  from a l i q u i d  m e t a l  
b a t h ,  and was o n l y  v e r y  s l i g h t l y  b r o a d e r  t h an  t h e  
l an t ha n u m h e x a b o r i d e .
The sample  p r e p a r e d  from t h e  b a t h  was c o a r s e r  
and had a g o l d e n  a p p e a r a n c e ,  e s p e c i a l l y  when d i s p e r s e d  
i n  t h e  h y d r o c h l o r i c  a c i d  u s e d  t o  d i s s o l v e  t h e  i r o n -  
n i c k e l  b a t h  m e t a l  a l l o y .  T h i s  sample  was c o m p l e t e l y  
d i f f e r e n t  i n  form from t h e  as  r e c e i v e d  p o w d e r . The 
s c a n n i n g  e l e c t r o n  m i c r o s c o p e  showed t h a t  t h e  p a r t i c l e s  
were n e e d l e  s ha pe d  w i t h  l e n g t h s  o f  up to  30  m i c r o n s  
( s e e  F i g .  3 7 ) .  The s e  n e e d l e s  had a d i a m e t e r  o f  
a p p r o x i m a t e l y  1 m i c r o n  and had t h e  a p p e a r a n c e  o f  s i n g l e  
c r y s t a l  s .
From F i g .  39 i t  was f ou nd  t h a t  t h e  s t r a i n  i n  ^111^ 
was much g r e a t e r  t h a n  t h a t  i n  00^ • The m e as ur ed  
v a l u e s  woul d  l e a d  t o  a v a l u e  f o r  E . ~ n/ E . . .  o f  a b o u t  
1 . 3 *  No e l a s t i c  c o n s t a n t s  w e re  a v a i l a b l e  b u t  f rom  
t h e  e q u a t i o n  -
E1 00 = S1 1 + 1/ 3 ( 2 s 12 “ 2 s 11 + sli.Li)
E111 S11 
i t  can  be s e e n  t h a t  t h e  f a c t o r  g o v e r n i n g  t h e  a n i s o t r o p y ,  
(2S.J 2 -  2 s ^  + s ^ )  , w i l l  be appr o x i m a t e l y  e q u a l  t o  s ^ .  
Now s ^ .  must  be p o s i t i v e ,  wh i ch  means t h a t  t h e  a n i s o t o p y
f a c t o r  q u o t e d  a bove  must  a l s o  be  p o s i t i v e .  For  t h e
f a c e  c e n t r e d  c u b i c  m e t a l s  t h i s  f a c t o r  i s  a l w a y s  n e g a t i v e
r a n g i n g  from - 0 . 7 7  f o r  a l umi n i u m t o  - 3 * 3 3  f o r  c o p p e r " ^ .
The d e v i a t i o n  p a t t e r n s  a s s o c i a t e d  w i t h  t h e  m e t a l s
d e m o n s t r a t e  t h i s . .  I n  c o p p e r  t h e  111 and 222 r e f l e c t i o n s
75a r e  much s h a r p e r  t h a n  t h e  2 0 0  and 400  .
The s t r a i n  v a l u e s  o b t a i n e d  from F i g .  39 ha v e  b e e n  
p l o t t e d  a g a i n s t  t i m e  o n ' a  l o g a r i t h m i c  s c a l e  i n  F i g .  4 1 •  
From t h i s  graph i t  can be s e e n  t h a t  t h e  s t r a i n  i n d u c e d  
i s  r o u g h l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  t i m e  o f  
m i l l i n g .  The c u r v a t u r e  i s  s l i g h t  a f t e r  32 h o u r s ,  
s u g g e s t i n g  t h a t  s t r a i n  s a t u r a t i o n  has  a l m o s t  b e e n  
r e a c h e d • *
A l s o  shown on F i g ,  41 a r e  t h e  r e s u l t s  o f  t h e  b a l l -  
m i l l i n g  o f  t a n t a l u m  c a r b i d e  i n  a p e r s p e x  p o t  w i t h  
p e r s p e x  b a l l s .  T h i s  m i l l i n g  was c u m u l a t i v e ,  t h e  sample  
b e i n g  r e t u r n e d  t o  t h e  p o t  f o r  f u r t h e r  m i l l i n g  a f t e r5 '* ‘
b e i n g  examined  i n  t h e  d i f f r a c t o m e t e r .  I n  t h e  c a s e  
o f  t h e  m i l l i n g  i n  t h e  t u n g s t e n  c a r b i d e  p o t ,  e a c h  t i m e  
r e p r e s e n t s  a f r e s h  s a m p l e .  T h e . m i l l i n g  i n  p e r s p e x  
shows t h a t  ' a l t h o u g h  t h e  c a r b i d e  d i d  n o t  become s t r a i n e d  
as  q u i c k l y  as  when m i l l e d  i n  t u n g s t e n  c a r b i d e ,  i t  c o u l d  
r e a c h  s t r a i n  s a t u r a t i o n  a f t e r  a s u f f i c i e n t  l e n g t h  o f  
t i m e .  The b u i l d  up o f  s t r a i n  i s  n o t  p r o p o r t i o n a l  t o  
t h e  sq u a r e  o f  t h e  t i m e ,  but  i s  n e a r e r  t h i s  t h a n  l i n e a r .
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Tant a l um c a r b i d e  m i l l e d  f o r  100  h o u rs  i n  p e r s p e x  was
a l m o s t  s t r a i n e d  as  much as  t a n t a l u m  c a r b i d e  m i l l e d
f o r  32 h o u r s  i n  t h e  t u n g s t e n  c a r b i d e  p o t .  The r a t i o
E100 / E H 1  was g e n e r a l l y  s l i g h t l y  l e s s  t h a n  w i t h  t h e
j(c n  2
c a r b i d e  m i l l e d  s a m p l e s .  The (/3 ) / h  c u r v e s  o f  t h e
d a t a  f o r  t h e s e  meas ur eme nt s  are  shown i n  F i g .  4 2 .
A sample  c o n t a i n i n g  1 0$  o f  c o b a l t  m e t a l  was a l s o  m i l l e d ;
t h e  r e s u l t s  s h ow in g  no s i g n i f i c a n t  d i f f e r e n c e s  f rom
t a n t a l u m  c a r b i d e  m i l l e d  by i t s e l f .  Bo th  t h e  amount
o f  s t r a i n  and t h e  r e s u l t i n g  d e v i a t i o n  p a t t e r n  we r e
s i m i l a r .  The r e s u l t s  o f  F o u r i e r  A n a l y s i s  on t h e  f o u r  h o u r
m i l l e d  sample  are  shown i n  F i g s .  43 “ 4 7 .  T h i s  work
was done  by s t e p  c o u n t s  a c r o s s  a peak  and by u s i n g  t h e
d i f f r a c t o m e t e r  t r a c e s  t o  h e l p  d e t e r m i n e  t h e  p o s i t i o n s
of .  t h e  b a c kg ro u n d  and t o  a d j u s t  f o r  peak movement .
D i f f i c u l t y  was e x p e r i e n c e d  w i t h  t h e  222 r e f l e c t i o n  
■t  '
w h i c h  o v e r l a p p e d  t h e  3*1*1 r e f l e c t i o n .  V a l u e s  were
i n t e r p o l a t e d  f rom t h e  d i f f r a c t o m e t e r ^ t r a c e , b u t  t h e
o s c i l l a t i o n s  a t  h i g h  v a l u e s  o f  I r o n  t h e  A^ v e r s u s  L
graph ( F i g .  4 3 )  i n d i c a t e  t h a t  i n f o r m a t i o n  a b o u t  t h e
t a i l s  and b a c k gr o u n d s  was n o t  q u i t e  c o r r e c t .  R e a d i n g s
o f  At f o r  L v a l u e s  up t o  200 X h a v e  be en  t a k e n .
F i g .  44  shows t h e  c o e f f i c i e n t s  o f  t h e  hOO o r d e r .
. 4*T *
. T h e s e  b e ha ve d  v e r y  s i m i l a r l y  to  t h o s e  from t h e  hhh  
r e f l e c t i o n s .  The 200 r e f l e c t i o n ,  wh i ch  was v e r y
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i n t e n s e ,  c o u l d  be me as ur ed  v e r y  a c c u r a t e l y  and t h e  
r e s u l t  was a smooth  c u r v e  w i t h  h a r d l y  any o s c i l l a t i o n s .  
The 4 0 0 ,  h o w e v e r ,  was weak,  maki ng  i t  d i f f i c u l t  t o  
o b t a i n  t h e  b ac kg r ou n d  l e v e l .  As w i t h  t h e  222 r e f l e c t i o n  
t h e  A^ f u n c t i o n  s t a r t e d  t o  o s c i l l a t e  a t  h i g h  v a l u e s  
o f  L.  By drawi ng  a c u r v e  t h r o u g h  t h e  c e n t r e  o f  t h e s e  
o s c i l l a t i o n s ,  r e a d i n g s  o f  A^ c o u l d  be  i n t e r p o l a t e d  
up t o .  250 R . The c o e f f i c i e n t s  f o r  t h e  220 r e f l e c t i o n s  
h a v e  a l s o  b e e n  p l o t t e d  on t h i s  g r a p h .  These  l i e  
b e t w e e n  t h e  200 and 4 0 0 ,  bu t  n e a r e r  t o  t h e  4 0 0 .  On 
P i g .  39 t h e  220 r e f l e c t i o n  f o r  the  f o u r  hour  m i l l e d  
s p e c i m e n  had an i n t e g r a l  b r e a d t h  a l m o s t  as  l a r g e  a s  
t h e  4 0 0  r e f l e c t i o n .  •
The n e x t  s t e p  i n  t h e  a n a l y s i s  i s  shown i n  F i g .  45*
2 2 2 2 \A g r ap h  has  be en  p l o t t e d  o f  l o g  A^ a g a i n s t  hQ ( = h  +k +1 )
f o r  e a c h  o f  t h e v f i v e  p e a k s ,  and a t  L v a l u e s  i n t e r p o l a t e d
PFfrom F i g s .  43 and 4 4 .  From F i g .  45 v a l u e s  o f  A^
an d £ 2>: 2 have  b e e n  c a l c u l a t e d  and ha v e  been  p l o t t e d
a g a i n s t  L i n  F i g s .  46  and 47* T he se  show t h a t  t h e
s t r a i n s  a v e r a g e d  o ve r  an L v a l u e  o f  50  R a r e  . 0 0 1 5
f o r  ( l  00^ and . 0 0 1 8  f o r  ^111^.  C r y s t a l  s i z e s  a r e
^  '
210  fi f o r  <100> and 180 R f o r  <^i 1 1') . The Wagner
i n t e g r a l  b r e a d t h  method gave  s t r a i n  v a l u e s  o f  . 0 0 3 6
f o r  ^100^ and . OO46  f o r  ^111^ .  The c o r r e s p o n d i n g
c r y s t a l  s i z e  v a l u e s  were  56 o R  f o r  <(l 00^ and 3 4 0  R
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f o r  ^111^.
The f o u r  hour m i l l e d  sampl e  was exami ned  w i t h  
t h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e , '  and a g a i n  i t  p r o v e d  
d i f f i c u l t  to  d i s p e r s e  t h e  p o wd e r .  The s p e c i m e n  c o n s i s t e d  
o f  s p h e r i c a l  a g g l o m e r a t e s  o f  a v e r a g e  s i z e  4- mi cron#
The f o u r  hour m i l l e d  s a m p l e , w a s  u s e d  f o r  a n n e a l i n g  
e x p e r i m e n t s .  D i f f i c u l t y  was a g a i n  e x p e r i e n c e d  
w i t h  s a m p l i n g ,  as  t h e  s t a r t i n g  m a t e r i a l  came from  
s e v e r a l  m i l l i n g  r u n s ,  and c o n s e q u e n t l y  was n o t  
h o m o ge n eo u s .  For  a n n e a l s  a t  600°C and a b o v e ,  t h e  
c a r b i d e  was m i xe d  w i t h  l a m p b l a c k  t o  p r e v e n t  d e c a r b u r i z a t i o n  
and t h e  t u be  f u r n a c e  was c o n t i n u o u s l y  f l u s h e d  w i t h  '
a r g o n .  The 200°C and 400°C a n n e a l s  were p e r f o r m e d  
i n  a m u f f l e  f u r n a c e  i n  a i r .  No d e c a r b u r i z a t i o n  was  
o b s e r v e d .  A n n e a l i n g  t i m e s  o f  1 ,  2 ,  4 j  8 and 16
h o u r s  were  e m p l o y e d .  As t h e  c h a n g e s  i n v o l v e d  w e r e
n © 
s m a l l  o n l y  a f o u r  hour  a n n e a l  was p e r f o r m e d  a t  2 0 0  C.
A t y p i c a l  a n n e a l i n g  c ur ve  i s  shown i n  F i g .  48®
T h i s ^ i s  f o r  a f o u r  hour  a n n e a l i n g  t i m e ,  b u t  t h e  s t r a i n s  
r e t a i n e d  a f t e r  1 and 16 h o u r s  a t  1400°C a r e  shown#
W i t h i n  t h e  5% e x p e r i m e n t a l  e r r o r  q u o t e d  t h e  o n l y  e f f e c t  
o f ^ t i m e  was to  move t h e  l i n e  b e t w e e n  t h e  l i m i t  v a l u e s  
q u o t e d  f o r  1 and 16 h o u r s .  Two p o s s i b l e  c o n c l u s i o n s  
can be drawn from F i g .  4 8 . The f i r s t  i s  t h a t  s t r a i n  
r e l i e f  i n  t a n t a l u m  c a r b i d e  i s  a g r a d u a l  p r o c e s s  w i t h
no s udden  r e l e a s e  o f  s t r a i n  e n e r g y  t o  g i v e  a ' s h a r p e n i n g  
o f  t h e  x - r a y  d i f f r a c t i o n  p r o f i l e s .  The s e c o n d  i s  t h a t  
t h e  method empl oyed  i s  t o o  cru de  t o  d e t e c t  s u b t l e  cha ng e  
e s p e c i a l l y  when the  s t a r t i n g  m a t e r i a l  i s  n o t  a l w a y s  
o f  the  same p r o p e r t i e s .  X^ray d i f f r a c t i o n  m e a su r es  
an a v e r a g e  v a l u e  from t h e  e n t i r e  s p e c i m e n ,  and t h u s  
t h e  o n s e t  o f  l o c a l  r e c r y s t a l l i z a t i o n  w ou l d  n o t  make a 
g r e a t  d e a l  o f  d i f f e r e n c e  t o  t h e  l i n e  b r e a d t h  o f  t h e  
w h o l e •
I n  o r d e r  to  i n v e s t i g a t e  more c l o s e l y  t h e  r e a c t i o n s  
o f  l ow t e m p e r a t u r e  a n n e a l i n g ,  a s e p a r a t e  sample  o f  much 
more h i g h l y  s t r a i n e d  m a t e r i a l  was a n n e a l e d  i n  t h e  
s p e c i m e n  h o l d e r  a t  2 1 0°C and 420°C ( F i g .  4 9 ) *  . B y  . 
t h i s  means s a m p l i n g  p r o b l e m s  were  a v o i d e d .  T h i s
a n n e a l i n g  c a u s e d  a s m a l l ,  b u t  d e f i n i t e  s h a r p e n i n g  o f
c
t h e  p r o f i l e s  t h u s  c o n f i r m i n g  the- o t h e r  a n n e a l i n g  r e s u l t s  
/  *  \  2 ✓ /  ' *  \  2(/3 ) / ( d  ; a n a l y s i s  showed no c r y s t a l  growth  i n  t h e  
100 d i r e c t i o n s  when a n n e a l e d  a t  210°C,  b u t  c r y s t a l  
growth f rom 340  £  as  m i l l e d  t o  41 0 £  a f t e r  a n n e a l i n g  
a t  4 2 0 ° C .  The 111 and 222 r e f l e c t i o n s  showed t h a t  
t h e r e  was no a p p a r e n t  c r y s t a l  s i z e  b r o a d e n i n g  i n  t he  
<111) d i r e c t i o n s .  S t r a i n  r e l i e f  was v e r y  s m a l l  i n  
t h e  ( l  00^ d i r e c t i o n  on a n n e a l i n g  a t  21 0° C,  t h e  s t r a i n  
v a l u e  g o i n g  from . 0 0 4 9 8  t o  . 0 0 4 9 6 .  A n n e a l i n g  a t  420°C  
b r o u g h t  t h i s  v a l u e  down t o  . 00 43 *  o r  8 7 $ .  S t r a i n
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r e l i e f  was much g r e a t e r  i n  t h e  more h e a v i l y  s t r a i n e d  
(111^ d i r e c t i o n s .  The v a l u e s  f e l l  from . 0 0 8 9 4  a f t e r  
m i l l i n g  t o  . 0 0 7 8 4  ( 8 8%) a t  210°C and t o  • OO698 
( 78%) a f t e r  a n n e a l i n g  a t  4 2 0 ° C .  The 220 r e f l e c t i o n  
a l s o  s h a r p en e d  On a n n e a l i n g #  T h i s  shows t h a t  s t r a i n  
r e l i e f  t a k e s  p l a c e  i n i t i a l l y  i n  t h e  mos t  h i g h l y  s t r a i n e d  
r e g i o n s  w i t h i n  a c r y s t a l #
Th e s e  e x p e r i m e n t s  a l s o  showed t h a t  a n n e a l i n g  a t  
t h e  l ow t e m p e r a t u r e  o f  200°C b r i n g s  a bo ut  s t r u c t u r a l  < 
c h a n g e s  i n  a h e a v i l y  worked m a t e r i a l  o f  v e r y  h i g h  
m e l t i n g  p o i n t ,  such  as  t a n t a l u m  c a r b i d e .  T h i s  i s  
p a r a l l e l  t o  t h e  r e c o v e r y  o f  c o l d  worked m e t a l s #
b )  Ni ob i u m c a r b i d e
The n i o b i u m  c a r b i d e  i n  t h e  as  r e c e i ve d ^  c o n d i t i o n  
e x h i b i t e d  s l i g h t l y  s h a r p e r  p e a k s  t h an  the  t a n t a l u m ,  
c a r b i d e .  The i n i t i a l  s t r a i n s  were  . 0 0 0 9  i n  <111)  
d i r e c t i o n s  and . 0 0 0 7  i n  00^ and t h e  r e s p e c t i v e  
c r y s t a l  s i z e s  were  1 060 and 1 050 T h e s e  v a l u e s  were
o b t a i n e d  u s i n g  a sample  a n n e a l e d  a t  1 4 0 0 °C f o r  d e t e r m i n i n g  
t h e  i n s t r u m e n t a l  v a l u e s  . The peak p o s i t i o n s  w e r e  
v e r y  s i m i l a r  t o  t h o s e  o f  t a n t a l u m  c a r b i d e ,  and a g a i n  
t h e  440  r e f l e c t i o n  was j u s t  beyond t h e  r a n g e  o f  t h e  
d i f f r a c t o m e t e r .
. B e c a u s e  o n l y  a s m a l l  amount o f  m a t e r i a l  was  
a v a i l a b l e ,  i t  was d e c i d e d  t o  c o n c e n t r a t e  on a n n e a l i n g
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e x p e r i m e n t s  and t h e r e f o r e  most  o f  t h e  sample  was
m i l l e d  i n  t h e  7 nil t u n g s t e n  c a r b i d e  p o t  f o r  f o u r  h o u r s  *
Two o t h e r  m i l l i n g  r u n s  were  u n d e r t a k e n ,  h o w e v e r .  A
one h o u r  run l n x t h e  t u n g s t e n  carbide pot gave strains
o f  . 0 0 2 9  and . 0 0 2 0  w i t h  c r y s t a l  s i z e s  o f  610 S. and
630 & i n  t h e  <111) and ^100^ d i r e c t i o n s  r e s p e c t i v e l y *
The o t h e r  m i l l i n g  was done i n  p e r s p e x  and t h e  .
r e s u l t s  were  m e as ur ed  c u m u l a t i v e l y  a f t e r  3> 1 0 ,  2 0 ,
4 0 ,  5 0 ,  75 and 100  h o u r s  m i l l i n g .  The r e a d i n g s  o b t a i n e d
from t h e s e  e x p e r i m e n t s  have  been p l o t t e d  on F i g .  30 
* 2  2as  a (/3 ) /h- ■ g r a p h .  The s e v e n t y - f i v e  hour  v a l u e s  
h a v e  been  o m i t t e d  as  t h e y  o v e r l a p p e d  t h e  one hundred  
hour v a l u e s .  E x c e p t  f o r  mi n o r  d i f f e r e n c e s  t h e  
d e v i a t i o n  p a t t e r n s  we re  v e r y  c o n s i s t e n t .  The p a t t e r n  
s e e n  i n  t h e  s u r v e y  e x p e r i m e n t  p e r s i s t e d *
The r e a d i n g s  f o r  s t r a i n  and c r y s t a l  s i z e ,  w h i c h  
were  o b t a i n e d  from F i g .  5 0 , have  b e e n  p l o t t e d  a g a i n s t  
t i m e  on F i g .  51* As t h e  t i m e s  o f  m i l l i n g  ^ i n c r e  as ed  
a r i t h m e t i c a l l y  r a t h e r  than  l o g a r i t h m i c a l l y ,  a d i r e c t  
t i m e  s c a l e  was e m p l o y e d .  S t r a i n  has  a g a i n  b e e n  p l o t t e d  
f o r  t h e  two s e t s  o f  m u l t i p l e  o r d e r s  p r e s e n t ,  b u t  t h e  •• 
c r y s t a l  s i z e  v a l u e s  quoted'  a r e  t h e  mean f o r  t h e  two  
s e t s  o f  d a t a .  There  was i n  f a c t  l i t t l e  d i f f e r e n c e  
b e t w e e n  t h e  c r y s t a l  s i z e s  i n  t h e  two d i r e c t i o n s .  The 
f i n a l  c r y s t a l  s i z e ,  r e a c h e d  a f t e r . b a l l - m i l l i n g  i n
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p e r s p e x  f o r  50 h o u r s ,  was a b o u t  3 2 0  2 .  T h is  com p ares
w i t h  ab ou t  5 7 0  2  o b t a i n e d  a f t e r  m i l l i n g  f o r  four, h o u r s
i n  t h e  t u n g s t e n  c a r b i d e  p o t .  The amount o f  s t r a i n  
i n d u c e d  a f t e r  m i l l i n g  f o r  one h u ndred  hours  i n  p e r s p e x  
was a l s o  s l i g h t l y  g r e a t e r  th a n  a f t e r  f o u r  h o u rs  i n  
t u n g s t e n  c a r b i d e .  The r a t i o  d e t e r m i n e d
from S t r a i n ^  S t r a in ^  qq, was a b o u t  1 . 4  s l i g h t l y  h i g h e r  
th a n  o b t a i n e d  f o r  t a n t a l u m  c a r b i d e .  S t r a i n  s a t u r a t i o n  
was a l m o s t  r e a c h e d  a f t e r ,  m i l l i n g  f o r  5 0  h o u r s ,  b u t  
t h e  s t r a i n  was s t i l l  i n c r e a s i n g  s l i g h t l y .  The s a t u r a t e d  
s t r a i n  v a l u e s  w ere  . 0 0 4 9  i n  0 1  l}> d i r e c t i o n s  and . 0 0 3 5  
i n  <1 0 0 }  d i r e c t i o n s •
The r e m a in d e r  o f  t h e  work was c o n c e n t r a t e d  on 
sa m p le s  t h a t  had b een  m i l l e d  f o r  f o u r  h o u rs  i n  t h e  
t u n g s t e n  c a r b i d e  p o t .  A s m e n t io n e d  i n  C h a p ter  T h r e e ,
t h i s  gave  r i s e  to s t r a i n s  o f  .0 0 4 7 8  i n  (l 11^ d i r e c t i o n s
and .0 0 3 2 7  i n  1^ 00^ d i r e c t i o n s ,  w h i l e  t h e  r e s p e c t i v e  
c r y s t a l  s i z e s  were  630 2. and 490 2 .  F o u r i e r  A n a l y s i s  
was p e r fo r m e d  u s i n g  th e  r e a d i n g s  ta k e n  from t h e  . 
d i f f r a c t o m e t e r  t r a c s  as out l i n e d  i n  C h a p ter  Two. T h ese  
v a l u e s  were  f o r  th e  oCg p e a k ,  and were ta k e n  a f t e r  t h e  
R a c h i n g e r  method had been  a p p l i e d  t o  s e p a r a t e  t h e  
d o u b l e t .  Seven  r e f l e c t i o n s  w ere  t r e a t e d  t h i s  way;  
t h e s e  w ere  th e  1 1 1 ,  2 0 0 ,  2 2 0 ,  311 > 2 2 2 ,  4 0 0 , and 4 2 2  
r e f l e c t i o n s .  The A ^ L  gra p h s  o b t a i n e d ,  w h ic h  h a v e
n o t  been  r e p r o d u c e d  h e r e ,  w e re  g e n e r a l l y  b e t t e r  than  
t h e  c o r r e s p o n d i n g  ones  f o r  t a n t a l u m  c a r b i d e ,  t h o u g h  
t h e  222 and 422 f l u c t u a t e d  a t  h i g h  L v a l u e s .  I n  the  
c a s e  o f  the  422  r e f l e c t i o n  t h i s  was p r o b a b l y  due t o  
a s su m in g  an i n c o r r e c t  b ac kg r ou n d  l e v e l .  T h i s  can o c c u r  
r e a d i l y  a t  h i g h  a n g l e s ,  where  t h e  i n t e n s i t i e s  o f  the  
r e f l e c t i o n s  t e n d  t o  be l o w e r  and t h e  b ac kg ro un d l e v e l s  
tend- t o  be  h i g h e r  and s l o p i n g .
The l o g  Aj- /hQ- g raph  o b t a i n e d  i s  shown i n  F i g .  5 2 .  
R e a d i n g s  o f  l o g  A^ b e l o w  1 . 0  are  s u s p e c t  b e c a u s e  t h e y  
were  d e t e r m i n e d  from v a l u e s  h a v i n g  two s i g n i f i c a n t  
f i g u r e s  on t h e  A^/L g r a p h s ,  bu t  w e r e  q u o t e d  to t h r e e  
s i g n i f i c a n t  f i g u r e s  when l o g s  were t a k e n .  Some h a v e  
been  p l o t t e d  h e r e  t o  show t h e  t r e n d s  p r e s e n t .  The 
s t r a i n s  and c r y s t a l  s i z e  c o - o r d i n a t e s  o b t a i n e d  from 
F i g .  52 have  b e e n  p l o t t e d  a g a i n s t  L i n  F i g .  53* The  
c r y s t a l  s i z e  c o - o r d i n a t e s  a g a i n  show a s l i g h t  hook  
e f f e c t ,  t h o ug h  i t  i s  n o t  as  p r o n o u n c e d  as  w i t h  t a n t a l u m  
c a r b i d e  ( s e e  F i g .  4 6 ) .  The e x t r a p o l a t e d  c r y s t a l  s i z e s  
were  200 2  f o r  ^100^ and 210 A f o r  ^111^ . The r o o t  
mean s q u a r e  s t r a i n s  a v e r a g e d  over  a v a l u e  o f  50  A f o r  
L were  . 0 0 1 9  f o r  <100)  and . 0 0 2 3  f o r  <111) .
The r e m a i n i n g  e x p e r i m e n t s  we re  a n n e a l i n g  r u n s  o f  
two h o u r s  d u r a t i o n  on t h e  f o u r  hour m i l l e d  sample  .
F i g .  54  i s  a (/3 ) ^ / h Q^  graph f o r  s p e c i m e n s  a n n e a l e d
a t  t e m p e r a t u r e s  up t o  1 2 0 0 ° C .  An a n n e a l  a t  1400°C  
was a l s o  p e r f o r m e d  b u t  the  r e a d i n g s  were  t o o  sharp  to  
p ut  on t h e  c u r v e .  Only a s l i g h t  s h a r p e n i n g  o f  t h e  
p r o f i l e s '  t o o k  p l a c e  a t  200 and 4 0 0 ° C .  There  was a 
c o n s i d e r a b l e  s h a r p e n i n g  a t  600°C and f u r t h e r  r e d u c t i o n s  
i n  i n t e g r a l ,  b r e a d t h s  u n t i l  a t  1400°C t h e  s t r a i n  i n  t h e  
<100) was b e l o w  .0001 . The (l 1 1)  d i r e c t i o n  s t i l l  showed  
a s t r a i n  o f  . 0 0 0 4 *  T h i s  c o u l d  be du e  to  s l i g h t  d i f f e r e n c e s  
i n  t h e  i n s t r u m e n t a l  b r e a d t h s ,  wh ic h  c o n s t i t u t e  t h e  
m aj o r  p a r t  o f  t h e  me as ur ed  b r e a d t h s  i n  s h a r p  p r o f i l e s .
The a n n e a l i n g  curves . ,  F i g .  55 > t h u s  show some s l i g h t  
r e c o v e r y  up t o  4 0 0 ° C ,  f o l l o w e d  by g r a d u a l  r e c r y s t a l l i z a t i o n  
a t  600°C and a b o v e .
The m i l l e d  m a t e r i a l  has  c o m p a r a t i v e l y  l a r g e  c r y s t a l  
s i z e  v a l u e s  when measured  by t h i s  met h od ,  and a f t e r
-i 7 ' ■ '
a n n e a l i n g  t h e  v a l u e s  o b t a i n e d  were  r a t h e r  s c a t t e r e d ,  
b u t  we re  a l l  above  400A. The two v a l u e s  a t  1000°C  
were  900A, and t h o s e  a t  1200 and 1400°C were b o t h  i n f i n i t y .  
Ni obi um c a r b i d e  t h u s  seems  t o  r e t a i n  a l a r g e r  c r y s t a l  
s i z e  t h an  t a n t a l u m  c a r b i d e  w h e n - b a l l - m i l l e d  i n  t u n g s t e n  
c a r b i d e •
c ) Z i r c o n i u m c a r b i d e
As m e n t i o n e d  e a r l i e r ,  t h e  sample  o f  z i r c o n i u m  
c a r b i d e  u s e d  (Murex)  was q u i t e  h i g h l y  s t r a i n e d  as  
r e c e i v e d .  The l a t t i c e  p a r a m e t e r  i s  l a r g e r  than i n  t h e
two f a c e  c e n t r e d  c u b i c  c a r b i d e s ,  and t h i s  means t h a t  
o t h e r  two a d d i t i o n a l  r e f l e c t i o n s ,  t h e  53^ and 4 4 2 ,
600 a pp ea r  i n  t h e  p h o t o g r a p h , '  These  were  b o t h  b e y o n d  
t h e  r a n g e  o f  t h e  d i f f r a c t o m e t e r ,  but  t h e  4 40  c o u l d  now 
be u s e d .  I t  was hoped  t h a t  t h i s  woul d  be a p a r t i c u l a r l y  
u s e f u l  r e f l e c t i o n  a s  i t  c o u l d  be  t a k e n  i n  c o n j u n c t i o n  
w i t h  t h e  220 t o  p r o v i d e  i n f o r m a t i o n  a b o u t  t h e  1 o) 
d i r e c t i o n .
The s t r a i n  i n  t h i s  a s  r e c e i v e d  sample  was d e t e r m i n e d
\
as  , 0 0  09 i n  { 1 1 1 ^ ,  , 0 0 0 7  i n  1^ 00) , and . 0 0 0 9  i n  ^110^*-
A l l  t h e  c r y s t a l  s i z e s  were  above  1 000A.  These  v a l u e s  
were  o b t a i n e d  u s i n g  i n t e r p o l a t e d  l a nt ha nu m h e x a b o r i d e  
r e a d i n g s  a s  i n s t r u m e n t a l s .  As t h e  s t r a i n  c o u l d  n o t  be  
removed  w i t h o u t  i n t r o d u c i n g  l a m p b l a c k ,  a l l  t h e  m i l l i n g  
r un s  were  p e r f o r m e d  w i t h  the  s l i g h t l y  ^'st r a i n e d  s t a r t i n g  
m a t e r i a l ,  _
A f u l l  m i l l i n g  programme was c a r r i e d  o u t  i n  t h e
s m a l l  t u n g s t e n  c a r b i d e  p o t  e m p l o y i n g  t i m e s  o f  1 ,
* 2 / 22 ,  4j  8 and 16 h o u r s .  a  (A  r / \ ‘ g raph  i l l u s t r a t i n g  
t h e  r e s u l t s  i s  shown i n  F i g .  5 (>• 4 s  m e n t i o n e d  i n  
Ch a p ter  T h r e e ,  t h e  d e v i a t i o n  p a t t e r n  i s  much l e s s  
p r o n o u nc e d  w i t h  z i r c o n i u m  c a r b i d e .  Thus t h e r e  a r e  
s e v e r a l  a n o m a l i e s  i n  the-  g r a p h s  on F i g .  5 6 , e s p e c i a l l y  
among t h e  3*11 and 222 r e f l e c t i o n s .  The 200 -  400  
r e f l e c t i o n s , . h o w e v e r , a r e  f a i r l y  c o n s i s t e n t .  As s t a t e d
. .1355
i n  Chapter  T h r e e ,  t h i s  was p r o b a b l y  due t o  o x y g e n  p e n e t r a t i n g  
t h e  l a t t i c e  d u r i n g  m i l l i n g .  The b r e a d t h  o f  t h e  440  
r e f l e c t i o n  was a l s o  r a t h e r  i n c o n s i s t e n t ,  b u t  t h i s  
was more l i k e l y  t o  have  been due t o  e x p e r i m e n t a l  d i f f i c u l t i e s  
Z i r c o n i u m  f l u o r e s c e s  a l i t t l e  i n  c o p p e r  r a d i a t i o n  and  
w i t h  a r e f l e c t i o n  o f  l ow i n t e n s i t y  and h i g h  a n g l e ,  s u c h  
as  t h e  4 4 0 ,  i t  becomes  d i f f i c u l t  t o  e s t i m a t e  the  b a c k ­
ground l e v e l .  Bec«ause o f  t h i s ,  s t r a i n  and c r y s t a l  s i z e  
m e as ur eme nt s  made f o r  t h i s  o r d e r  w e re  v e r y  i n c o n s i s t e n t .  
S t r a i n  m e as ur eme nt s  made p e r p e n d i c u l a r  t o  ^111^ and 1^ 00)> 
were  more r e l i a b l e ,  and t h e  r a t i o  o f  S t r a i n ^  ^ / S t r a i n ^  qq
i
was a b o u t  1 .1  much l o w e r  than w i t h  t a n t a l u m  and n i o b i u m  
c a r b i d e s .  The b u i l d  up o f  s t r a i n  d u r i n g  m i l l i n g  i n  t h e  
t u n g s t e n  c a r b i d e  p o t  i s  shown a g a i n s t  a l o g a r i t h m i c  
t i m e ' s c a l e  i n  F i g .  57 -
Even a f t e r  16 h o u r s ,  the m a t e r i a l  was n o t  s t r a i n  
s a t u r a t e d .  The r e s u l t s  i n d i c a t e d  t h a t  s a t u r a t i o n  v a l u e s  
o f  .0041  f o r  ( 1 11^-. and . 0 0 3 6  f o r  1^ 0C^  w ou l d  be r e a c h e d  
e v e n t u a l l y .  C r y s t a l  s i z e s  d e c r e a s e d  g r a d u a l l y  d u r i n g  
m i l l i n g  t o  a f i n a l  mean valix-e--of.  around 4 0 0 A. The 
<110) c r y s t a l  s i z e s  were  u s u a l l y  s m a l l e r  t h a n  t h e  mean,  
b u t  a g a i n  d o u b t  was c a s t  on1 t h i s  b e c a u s e  o f  t h e  l o w  * 
i n t e n s i t y  and h i g h  ba ckg ro un d  o f  t h e  4 4 0  r e f l e c t i o n .
The e f f e c t s  o f  b a l l - m i l l i n g  i n  p e r s p e x  a r e  shown i n  
B i g s *  58  and 3 9 * .  Most  o f  the .  r e s u l t s  h a v e  been p l o t t e d
on a (/3 ) / h  g'raph i n  F i g .  58* The se  a g a i n  show t h e  
i s o t r o p i c  n a t u r e  o f  the .  m a t e r i a l ,  w i t h  t h e  e x c e p t i o n  
o f  t h e  s l i g h t l y  s h a r p e r  200  and 400  r e f l e c t i o n s .  The  
440  r e f l e c t i o n s  a r e  a g a i n  v e r y  s c a t t e r e d .  The b u i l d  
up o f  s t r a i n  has  been p l o t t e d  on a d i r e c t  t i m e  s c a l e  
i n  F i g .  59* S a t u r a t i o n  h a s  a l m o s t  beefr r e a c h e d  a f t e r  ' 
100  h o u r s .  The s t r a i n s  ar e  a s y m p t o t i c ^  t o  . 0 0 3 8  and  
. 0 0 3 2 .  C r y s t a l  s i z e s  a f t e r  b a l l - m i l l i n g  i n  p e r s p e x  
were n e ar  4 0 0 A, or v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  when 
m i l l i n g  i n  t u n g s t e n  c a r b i d e .  No a n n e a l i n g  e x p e r i m e n t s  
were p e r f o r m e d  b e c a u s e  o f  t h e  d i f f i c u l t i e s  i n v o l v e d '  
w i t h  d e c a r b u r i z a t i o n .
d) T i t a n i u m  n i t r i d e
Due t o  t h e  h i g h  c o s t  o f  n i t r i d e s  c o m p a r e d ‘t o  t h a t  
o f  the  c a r b i d e s ,  o n l y  a r e l a t i v e l y  s m a l l  sample  was  
a v a i l a b l e .  T h i s  l i m i t e d  t h e  e x p e r i m e n t s  t h a t  c o u l d  be  
p e r f o r m e d  and most  o f  t he  work has  b e e n  d e s c r i b e d  i n  
Chap t er  T h r e e .  I n  o r d e r  t o  compare t h e  a n n e a l i n g  
c h a r a c t e r i s t i c s  o f  a f a c e  c e n t e r e d  c u b i c  n i t r i d e  w i t h  
t h o s e  o f  c a r b i d e s ,  t i t a n i u m  n i t r i d e  was s u b j e c t e d  t o .  
a n n e a l i n g  e x p e r i m e n t s  
t h e  c a r b i d e s .
The sample  o f  t i t a n i u m  n i t r i d e  was veay s i m i l a r  t o  
t h e  c a r b i d e , t h o u g h  t h e  l a t t i c e  p a r a m e t e r  was a b o u t  2-^fo 
s m a l l e r .  The p r o f i l e  s ha pe s  were  v e r y  s i m i l a r ,  b e i n g
** “ S ’
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s ha r p  b u t  n o t  o f  a s i n g l e  p e a k .  T h i s  gave  an e f f e c t  
s i m i l a r  t o  t h e  a s y m m e t r i c  b r o a d e n i n g  r e f e r r e d  t o  w i t h  
t i t a n i u m  c arb i de .^  The sample  u s e d  i n  t h e  s u r v e y  
e x p e r i m e n t  had b e e n  b a l l - m i l l e d  i n  t h e  s m a l l  t u n g s t e n  
c a r b i d e  p o t .  There  was s u f f i c i e n t  m a t e r i a l  f o r  t h r e e  
a n n e a l i n g  e x p e r i m e n t s .  As w i t h  t h e  c a r b i d e ,  t h e  m i l l e d  
s p e c i m e n  was b r o a d e n e d  s u f f i c i e n t l y  f o r  any i n i t i a l  
asymmetry  t o  be s m a l l  compared w i t h  t h e  e x c e s s  b r o a d e n i n g .  
The a n n e a l i n g  e x p e r i m e n t s  were  e x t e n d e d  t o  f o u r  from  
t h e  one b a t c h  o f  b a l l - m i l l e d  m a t e r i a l - b y  a n n e a l i n g  t h e  
f i r s t  sample  a t  200°C and A70°C i n  t h e  s p e c i m e n  h o l d e r .
The f i r s t  o f  t h e s e  t r e a t m e n t s  was c a r r i e d  o u t  i n  a i r  
and t h e  s e c o n d  i n  an a t m o s p h e r e  o f  n i t r o g e n .  Two o t h e r  
s am p l e s  were  a n n e a l e d  i n  n i t r o g e n ;  a t  900°C and 1 2 0 0 ° C .  
A l l  a n n e a l s  were  f o r  4 h o u r s .
In  non e  o f  t he  c a s e s  was any o x i d a t i o n  o b s e r v e d
and t h e  p r o f i l e s  were  s y m m e t r i c .  They w e r e ,  h o w e v e r ,
o f  l ow i n t e n s i t y  and t h i s ,  combined w i t h  a h i g h  b a c k -
ground p r o d u c e d  by t h e  f l u o r e s c e n c e  o f  t i t a n i u m  i n  • s
c oppe r  r a d i a t i o n ,  d e c r e a s e d  t h e  peak t o  background  r a t i o
and t h e  a c c u r a c y  o f  the  m e a s u r e m e n t s .  The r e a d i n g s
* 2 / 2o b t a i n e d  have  been  p l o t t e d  on t h e  (/3 ) . / h  graph, . .
F i g .  6 0 .  T h i s  graph shows t h e  s c a t t e r  p r e s e n t ,  p r e s u m a b l y  
c a u s e d  by t h e  low a c c u r a c y  o f  t h e  m e a s u r e m e n t s .  R e a d i n g s  
f o r  m u l t i p l e  o r d e r s  were  t a k e n  from t h e  g r a p h ,  and i t
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was f o u n d  t h a t  t h e  s t r a i n  i n  ^111^ d i r e c t i o n s  was  
a p p r o x i m a t e l y  t i m e s  t h e  s t r a i n  i n  ^1OC^  d i r e c t  i o n s «
I n  t h e  s p e c i m e n  a n n e a l e d  a t  4 7 0° C ,  h o w e v e r ,  t h e  s t r a i n  
v a l u e  i n  t h e  ^100^ d i r e c t i o n  was h i g h e r  t h a n  t h a t  i n  3^ 1 1 ^ .  
B e c a u s e  t h e  s c a t t e r  was h i g h ,  s t r a i n  v a l u e s  were  t a k e n  
from s t r a i g h t  l i n e s  a p p r o x i m a t i n g  t o  t h e  mean d e v i a t i o n , .  . 
In a l l  c a s e s  t h e  mean s t r a i n  v a l u e  o b t a i n e d  f e l l  b e t w e e n  
t h e  v a l u e s  f o r  1 and '^10 0^.
I t  was p o s s i b l e  t o  a n n e a l  t h e  c a r b i d e s  a t  h i g h  
t e m p e r a t u r e .  ’ The a d d i t i o n  o f  l a m p b l a c k  r e d u c e d  t h e  
d a n g e r s  o f  o x i d a t i o n  and a l s o  p r e v e n t e d  t h e  m i l l e d  powder  
from s i n t e r i n g  i n t o  a hard  c o m pa c t .  The o n l y  
p r e c a u t i o n s  t h a t  c o u l d  be t a k e n  w i t h  t h e  n i t r i d e  were  
t h e  e v a c u a t i o n  o f  t h e  f u r n a c e  w i t h  a r o t a r y  pump,  
f o l l o w e d  by c o n t i n u o u s  p u r g i n g  w i t h  n i t r o g e n  g a s .  T h i s  
was s u c c e s s f u l  a t  1200°C b u t  i t 'was d e c i d e d  n o t  t o  
a t t e m p t  any a n n e a l i n g  a t  h i g h e r  t e m p e r a t u r e s  as  t h e  
o u t s i d e  o f  .the 1 200°C s p e c i m e n  showed a t e n d e n c y  t o  
c a k e .  A n n e a l i n g  o f  c a r b i d e s  a t  1200°C i n  a r gon  w i t h o u t  
l a m p b la c k  a l w a y s  l e d . t o  d e c a r b u r i z a t i o n .
The a n n e a l i n g  curve  f o r  t i t a n i u m  n i t r i d e  i s  shown 
on F i g .  6 1 .  . T h i s  shows a g r a d u a l  r e l e a s e  o f  s t r a i n
s t a r t i n g  a t  room t e m p e r a t u r e  and p r o c e e d i n g  w i t h  an •*
9 0 i n c r e a s i n g  r a t e  up t o  1200 C. The c a r b i d e s  were  s i m i l a r
and t a n t a l u m  and n i o b i u m ’ c a r b i d e s  showed e v i d e n c e  o f
a . r e c r y s t a l l i z a t i o n  r e a c t i o n .  Each p o i n t  on F i g .  61 
c o u l d  he o u t  by a s  much as  1 0 $  I t  i s  t h e r e f o r e  n o t  
i m p o s s i b l e  t h a t  t i t a n i u m  n i t r i d e  has  a sh a r p  r e c r y s t a l  
l i z a t i o n  p o i n t  a t  about  1 0 0 0 ° C.
A c c u r a t e  c r y s t a l  s i z e  me as ur eme nt s  p r o v e d  t o  be  
i m p o s s i b l e  from F i g .  76 b e c a u s e  o f  t h e  i n a c c u r a c y  o f  
t h e  m e a s u r e m e n t s .  I n  t h e  b a l l - m i l l e d  s a m p l e ,  f o r  
i n s t a n c e ,  t h e  i n t e r c e p t  from 222 t o  111 on  t h e  o r d i n a t  
i s  n e g a t i v e .  D i f f i c u l t i e s  such  a s  l ow d i f f r a c t e d  
i n t e n s i t y  and h i g h  b a c kgr oun d  l i m i t e d  the,  a c c u r a c y  o f  
t h e  r e s u l t s  o b t a i n e d  from t i t a n i u m  n i t r i d e ,
e)  Summary
T h e s e  a d d i t i o n a l  e x p e r i m e n t s  on t h e  f a c e  c e n t r e d  
c u b i c  c a r b i d e s  have  c o n f i r m e d  t h a t  t h e  s t r a i n s  i n  
t h e  (111^ d i r e c t i o n s  a r e  h i g h e r  t h a n  i n  t h e  ^100^ 
d i r e c t i o n s .  T h i s  i s  p a r t i c u l a r l y  t r u e  i n  t h e  c a s e s  o f  
t a n t a l u m  and n io b i u m  c a r b i d e s ,  and t o  a l e s s e r  e x t e n t  
w i t h  z i r c o n i u m  c a r b i d e .
The a n n e a l i n g  e x p e r i m e n t s  ha v e  shown t h a t  a l mo s t -  
a l l  t h e  s t r a i n  can be  removed by h e a t i n g  t o  1A00°C.  
There  i s  some e v i d e n c e  t o  i n d i c a t e  r e c o v e r y  and  
r e c r y s t a l l i z a t i o n  r e a c t i o n s .
As w i t h  t h e  c a r b i d e s ,  t h e  m i c r o s t r a i n s  p r e s e n t  i n  
t i t a n i u m  n i t r i d e  can be removed by a n n e a l i n g .
The m i l l i n g  o f  some o f  t h e  c a r b i d e s  i n  p e r s p e x
has  shown t h a t  t h e  s t r a i n  i s  n o t  due t o  t h e  p e n e t r a t i o n  
o f  i m p u r i t i e s  i n t o  t h e  l a t t i c e ,  b u t  i s  c a u s e d  by  t h e  
p h y s i c a l  a c t i o n  o f  b a l l - m i l l i n g o
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A Stereoscan prepared
FIG-. 37
photograph of tantalum carbide 
from a liquid metal hath
1 320 x 44° tilt
^0 m i c r o n s
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F i g .  38
A Stereoscan photograph of as received tantalum carbide
5.2K magnification 42° tilt
1 m i c r o n
F ig . 39
sje P  * 2
TaC -  B a ll-m illed  in  Tungsten Carbide ((3 ) /d
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' 4 0
Powder, p h o t o g r a p h s -  of T an ta lum  C a r b id e  
a .  As r e c e i v e d ,  s t r a i n  f r e e
b» B a l l - m i l l e d  f o r  1 hour,
c .  B a l l - m i l l e d  f o r  4 h o u r s
d ,  B a l l - m i l l e d  f o r  32 h o u r s
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CHAPTER SEVEN 
A STUDY OE TWO HEXAGONAL CARBIDES 
F u r t h e r  m i l l i n g  and a n n e a l i n g  e x p e r i m e n t s  were  
c a r r i e d  o u t  w i t h  b o t h  t u n g s t e n  c a r b i d e  (WC) and ■ 
dim olybdenum c a r b i d e  (MOgC). B e c a u s e  o f  th e  
t e c h n o l o g i c a l  i m p o r t a n c e  o f  t u n g s t e n  c a r b i d e  a 
c o n s i d e r a b l e  amount o f  t im e  was s p e n t  on i t .  The 
m a t e r i a l  was more e a s i l y  o b t a i n a b l e  i n  d i f f e r e n t  
i n i t i a l  p a r t i c l e  s i z e s  th an  th e  o t h e r  c a r b i d e s  
and i n  s e v e r a l  ways  was e a s i e r  t o  h a n d l e  th a n  t h e  • 
o t h e r s .  M i l l i n g  and a n n e a l i n g  e x p e r i m e n t s  were  
p e r f o r m e d  w i t h  Mo^C s i m i l a r  t o  t h o s e  p r e v i o u s l y  
u n d e r t a k e n  w i t h  TaC and  NbC. • .
a) T u n g s te n  c a r b i d e
The e x p e r i m e n t s '  on t u n g s t e n  c a r b i d e  were  m a in ly  
p e r f o r m e d  on two s e t s  o f  p o w d e r s .  The e a r l y  work ,  
i n c l u d i n g  th e  s u r v e y ,  was done on powder o b t a i n e d  from  
Hoy C a r b i d e s .  T h i s  powder was c l a i m e d  by th e  
m a n u f a c t u r e r s  t o  have an i n i t i a l  p a r t i c l e  s i z e  o f  
l |r m i c r o n s . -  The l a t e r  b a l l - m i l l i n g  and a n n e a l i n g  
e x p e r i m e n t s  were  p e r f o r m e d  u s i n g  s u b - m i c r o n  g r a d e .
The s i z e ,  d i s t r i b u t i o n  f o r  t h i s  m a t e r i a l  was q u o te d  as  
85$  b e lo w  1 m icro n  and l±5fo b e lo w  -J- m i c r o n .  The Murex  
m a t e r i a l  i s  shown i n  F i g s .  62 and 6 3 *. Most o f  th e  p a r t i c l e s  
a r e  b e lo w  1 m icron  and many are., b e lo w  J  m i c r o n .  The
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s u r f a c e  r e l i e f  e f f e c t s  o b t a i n e d  w i t h  t h e  S t e r e o s c a n  can  
c l e a r l y  be s ee n *  C r y s t a l  s h a p e s  and fa-ces  can c l e a r l y  
be s e e n  i n  F i g *  6 3 .  With su ch  a h e a v y  e l e m e n t  th e  
c o n v e n t i o n a l  m i c r o s c o p e  g i v e s  o n l y  an o u t l i n e  o f  t h e  
p a r t i c l e s ' .  I t  was. t h e r e f o r e  i m p o s s i b l e  t o  d e t e r m i n e  
w h e th e r  or n o t  th e  p a r t i c l e s  w ere  s i n g l e  c r y s t a l s  or  
n o t ,  as  e l e c t r o n  d i f f r a c t i o n  c o u l d  n o t  be o b t a i n e d  
th ro u g h  t h e  c e n t r e s  o f  t h e  p a r t i c l e s *
The e a r l y  e x p e r i m e n t s  i n c l u d e d  b a l l - m i l l i n g  i n  
. th e  s m a l l  t u n g s t e n  c a r b i d e  p o t  f o r  1 ,  2 ,  4> 8 and 16  
h o u r s .  The r e s u l t s  o f  t h i s  b a l l - m i l l i n g  a r e  shown i n  
F i g .  6 4 . T h e se  r e p r e s e n t  th e  v a l u e s  o b t a i n e d  from  
t h e  or d e r  100 -  3 0 0  and w ere  shown i n  C h a p t e r ' T h r e e  t o  
be f a i r l y  r e p r e s e n t a t i v e  o f  th e  mean s t r a i n  i n ’ t h e  
m a t e r i a l .  D e s p i t e  t h e  f a c t  t h a t  t u n g s t e n  c a r b i d e  i s  
h e x a g o n a l ,  t h e  r e a d i n g s  o b t a i n e d  from t h e s e  two 
r e f l e c t i o n s  g a v e  more c o n s i s t e n t  r e s u l t s  th an  any from  
t h e  c u b io  c a r b i d e s .  T h i s  was p r o b a b l y  b e c a u s e  t h e  3 0 0  
r e f l e c t i o n  i s  b o t h  s t r o n g  and i s o l a t e d ,  and an a c c u r a t e  
m easurem ent  can be made o f  i t s  b r e a d t h .  The 100  
r e f l e c t i o n  o v e r l a p p e d  t h e  001 i n  h i g h l y  b r o a d e n e d  
s a m p l e s ,  b u t  as th e  l a t t e r  was much w e a k e r ,  th e  b r e a d t h  
o f  the  100 c o u l d  s t i l l  be m easured  a c c u r a t e l y .  I n  
F i g .  6 4  i t  was fou n d  p o s s i b l e  t o  i n c l u d e  c r y s t a l
s i z e  m easu rem en ts  b e c a u s e  t h e  d a t a  were  s u f f i c i e n t l y
‘  ^ '
,rT ~ w - * V a j? ,i r m -v*"•""1 tT -v -v -” ' " .w'.tv. —i- - . . ^—■ • - ■■ —,——   —  
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m e a n i n g f u l .  The r e d u c t i o n  i n  c r y s t a l  s i z e  to a f i n a l  
v a l u e  o f  150A as  m i l l i n g  p r o c e e d e d  c a n  b e  s e e n .  The 
s t r a i n  c u r v e  shows a b u i l d  up t o w a r d s  a s a t u r a t i o n  v a l u e  
n e a r  . 0 0 7 •
T u n g s t e n  c a r b i d e  m i l l i n g  was a l s o  c a r r i e d  o u t  i n  
t h e  l a r g e r  p o t  m e n t i o n e d  i n  C h a p ter  Two. T h i s  p o t  was  
p a r t i c u l a r l y  u s e f u l  f o r  p r e p a r i n g  m a t e r i a l  f o r  a n n e a l i n g *
as a 10 gm sample  c o u l d  be  accom m odated .  Some o f  t h e
1
e f f e c t s  o f  b a l l - m i l l i n g  can  be s e e n  i n  the  powder
p h o t o g r a p h s  o f  F i g .  65# These  were  t a k e n  w i t h  c o b a l t
r a d i a t i o n  t o  show t h e  e f f e c t  o f  m i l l i n g  on t h e  r e s o l u t i o n
o f  th e  211 r e f l e c t i o n  a t  h i g h  a n g l e s . .  The as  r e c e i v e d
m a t e r i a l  r e f e r r e d  t o  was n o t  t h e  powder t h a t  was m i l l e d ,
b u t  a 3 m ic r o n  sam ple  o b t a i n e d  from Hoy C a r b i d e s .  T h i s
was c h o s e n  as  i t  g a v e  good r e s o l u t i o n  o f  t h e  d o u b l e t s .
The b a l l - m i l l e d  m a t e r i a l s  a re  t h o s e  o f  t h e  Murex sam ple
a f t e r  m i l l i n g  i n  t h e  l a r g e r  p o t .  A f t e r  m i l l i n g  f o r
4- an hour t h e  d o u b l e t  was s t i l l  o u s t  r e s o l v e d ^ 1 2
f o r  t h e  211 r e f l e c t i o n ,  b u t  1 hour m i l l i n g  b r o a d e n e d  t h e  
r e f l e c t i o n  so much t h a t  th e  s e p a r a t e  p e a k s  were  no 
l o n g e r  r e s o l v e d .  The 2 hour s:ainple shows i n c r e a s e d  
d i f f u s e n e s s .  Longer e x p o s u r e s  were  n e e d e d  f o r  t h e  b a l l -  
m i l l e d  s a m p l e s ,  .w i th  t h e  r e s u l t  t h a t  t h e  b a c k g r o u n d  
l e v e l  i n c r e a s e d  and g l u e  l i n e s  began t o  a p p e a r  a t  low  
a n g l e s .
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S p e c t o g r a p h i c  a n a l y s i s  was p e r fo r m e d  on t h e  4 hour  
m i l l e d  sample  t o  a s c e r t a i n  i f  any c o b a l t  from t h e  b i n d i n g  
m a t e r i a l  o f  t h e  p o t  was c o n t a m i n a t i n g  t h e  powder d u r in g  
m i l l i n g , ' No t r a c e  o f  any e l e m e n t s  o t h e r  th an  t u n g s t e n  
and c a r b o n  w ere  p r e s e n t  on t h e  p h o t o g r a p h ,  however*
F i g ,  66 shows a graph  o f  t h e  b a l l - m i l l e d  m a t e r i a l s ’. The 
d e v i a t i o n  p a t t e r n  was v e r y  c o n s i s t e n t ,  w i t h  b r o a d  201 
r e f l e c t i o n s  and sharp  .00X1 r e f l e c t i o n s .  I t  can  be s e e n  
t h a t  th e  1 00 -  300  r e f l e c t i o n s  a re  f a i r l y  r e p r e s e n t a t i v e  
o f  t h e  mean s t r a i n .
The b r e a d t h s  o f  t h e  8 hour and 16 h o u r  r e f l e c t i o n s  
were  h i g h e r  than, t h e  c o r r e s p o n d i n g  s a m p le s  m i l l e d  i n  
t h e  s m a l l  p o t .  C o n s e q u e n t l y  a l i t t l e  more s c a t t e r  i s  
p r e s e n t  i n  F i g ,  6 6 ,  In  p a r t i c u l a r ,  t h e  100 r e f l e c t i o n  
o f  t h e  16 hour  s a m p le  i s  much b r o a d e r  th an  w ould  be 
e x p e c t e d  from t h e  r e s t  o f  tfye r e a d i n g s .  On a n a l y s i s  . 
t h i s  l e a d s  t o  l o w  s t r a i n  and low c r y s t a l  s i z e  v a l u e s .  . 
F i g ,  67 shows t h e  E f f e c t s  o f  b a l l - m i l l i n g  i n  t h e  l a r g e r  
p o t .  The shape  o f  t h e  s t r a i n  c u r v e  i s  very  s i m i l a r  t o  
t h a t  i n  F i g .  6 6 ,  b u t  t h e  f i n a l  s a t u r a t i o n  *s t r a i n  is  
much h i g h e r .  T h i s  d e m o n s t r a t e d  t h a t  t h e  amount o f  
s t r a i n  t h a t  can  be i n d u c e d  i s  d e p e n d e n t  on t h e  t y p e  o f  
m i l l i n g .  The e f f e c t  on t h e  b ro a d  100  r e f l e c t i o n  i n  t h e  
16 hour  m i l l e d  sample  i s  shown i n  F i g .  67® 5% t o l e r a n c e
v a l u e s  have  b een  a p p l i e d  t o  t h e  m easured  s t r a i n s  and
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t h e s e  have a l l o w e d  t h e  cu r v e  to  be  drawn w i t h  t h e  
s a t u r a t i o n  l e v e l  j u s t  b e l o w  . 0 1 0 .  T h ese  w ere  th e  
h i g h e s t  m easured  amounts  o f  s t r a i n  met i n  t h i s  w ork .  
S i m i l a r l y ,  c r y s t a l  s i z e  v a l u e s  g r a d u a l l y  d e c r e a s e d  t o  
1 5 0 A, th e  same v a l u e  as  t h a t  o b t a i n e d  i n  t h e  o t h e r  
p o t .  Thd 16  hour  v a l u e  f o r  c r y s t a l  s i z e  was  
w hich  was v e r y  much l o w e r  th an  e x p e c t e d .
E l e c t r o n  m ic r o g r a p h s  o f  t h e  8 hour  m i l l e d  sam ple
a r e  shown i n  F i g s .  68 and 69* T h e se  show t h a t  t h e
p a r t i c l e s  h a v e  a s tro n g '  t e n d e n c y  t o  a g g l o m e r a t e ,  w h ich
the e f f e c t  o f  th e  u l t r a s o n i c  v i b r a t o r  and th e  a e r o s o l
s p r a y  ca n n o t  o v e r c o m e .  F i g .  68 shows t h a t ' t h e  b a s i c
u n i t  making up t h e s e  a g g l o m e r a t e s  i s  p r o b a b l y  b e l o w  a
t e n t h  o f  a m i c r o n .  The S t e r e o s c a n  p h o t o g r a p h  i s  v e r g i n g
on t h e  l i m i t s  o f  r e s o l u t i o n  o f  t h e  m i c r o s c o p e ,  w h ich
means t h a t  t h e  o u t l i n e s  o f  th e  p a r t i c l e s  a re  v a g u e  and
th e  f a c e s  o f  th e  p a r t i c l e s  can no l o n g e r  be  s e e n  ( s e e
F i g .  6 9 )*  I t  seem s  l i k e l y ,  t h a t ’ t h e  s u r f a c e  e n e r g y
o f  th e  t u n g s t e n  c a r b i d e  p a r t i c l e s  i s  so  h i g h  a f t e r
b a l l - m i l l i n g  t h a t  i n s t a n t a n e o u s  s i n t e r i n g  t a k e s  p l a c e *
23Hendus e t  a l  o b t a i n e d  a s t r a i n  v a l u e  o f  . 00V7-- 
a f t e r  b a l l - m i l l i n g  t u n g s t e n  c a r b i d e  f o r  4 0 0  h o u r s  i n  
a c e t o n e .  T h i s  r e s u l t  was o b t a i n e d  by u s i n g  th e  H a l l  
m eth od .  The sam ple  m i l l e d  f o r  4  h o u r s  i n  t h e  l a r g e  
p o t  had a s t r a i n  o f  .OG46  when i n t e r p r e t e d  by t h i s
method# The h a l l  m i l l  u s e d  by Hendus w a s ' o f  th e  i n d u s t r i a l  
ty p e  and was c o n s e q u e n t l y  much l a r g e r  and r e l i e d  on a 
r o t a r y  a c t i o n  r a t h e r  th an  v i b r a t o r y .
10 gram sa m p le s  o f  t u n g s t e n  c a r b i d e  c o n t a i n i n g  
10$  o f  c o b a l t  w ere  a l s o  b a l l - m i l l e d  i n  t h e  l a r g e  t u n g s t e n  
c a r b i d e  p o t  and t h e  4  hour m i l l e d  sam ple  r e a d i n g s  a re  
shown on F i g .  6 8 .  G e n e r a l l y ,  t h e  v a l u e s  o b t a i n e d  were  
s i m i l a r ,  b u t  were  much l e s s  a c c u r a t e  b e c a u s e  t h e  b a c k ­
ground l e v e l  was i n c r e a s e d  by- h a y i n g  f l u o r e s c e n t  r a d i a t i o n  
from th e  c o b a l t  p r e s e n t .  Thus t h e r e  was. much more  
s c a t t e r  i n  t h e  d e v i a t i o n  p a t t e r n ,  b u t  t h e  s t r a i n  v a l u e s  
o b t a i n e d  were f a i r l y  c l o s e  t o  t h o s e  o b t a i n e d  when t u n g s t e n  
c a r b i d e  was m i l l e d  by i t s e l f .  Above  4 h o u rs  m i l l i n g  • 
i t  was i m p o s s i b l e  t o  m easure  th e  300  r e f l e c t i o n  a c c u r a t e l y  
enough t o  make any e s t i m a t i o n  o f  th e  s t r a i n .  No c o b a l t  
l i n e s  were  o b s e r v e d  i n  any o f  th e  b a l l - m i l l e d  s p e c i m e n s .
A c e r t a i n  amount o f  F o u r i e r  A n a l y s i s  was c a r r i e d  
o u t  w i t h  t h e s e  and o t h e r  sa m p le s  o f  t u n g s t e n  c a r b i d e .
A t y p i c a l  exam ple  o f  t h e  r e s u l t s  i s  shown i n  F i g s .  70 -  7 2 .  
The m a t e r i a l  i s  a sam ple  t h a t  had b e e n  m i l l e d  f o r  100  
h o u rs  i n  a p e r s p e x  p o t .  F i v e  r e f l e c t i o n s  w ere  ex a m in e d :  
0 0 1 ,  1 0 0 ,  1 0 1 ,  112 and 3 0 0 .  The c o e f f i c i e n t s  o b t a i n e d  
a f t e r  c o r r e c t i n g  w i t h  a sample  a n n e a l e d  f o r  2 h o u r s  a t  
1700°C a r e  shown i n  F i g .  7 2 .  W hi le  some o f  t h e  r e f l e c t i o n s  
show o s c i l l a t i o n s ,  th e  100 and 3 0 0  c o e f f i c i e n t s  a r e
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q u i t e  g o o d .  One o f  th e  most i n t e r e s t i n g  f e a t u r e s  
i s  t h e  c r o s s i n g  o v er  o f  t h e  001 and 100 c o e f f i c i e n t s .  
T h is  o c c u r r e d  i n  a l l  t h e  s a m p le s  a n a l y s e d .  T here  i s  no 
o t h e r  (OOI^ r e f l e c t i o n  t o  work w i t h ,  "but q u a l i t a t i v e l y  
one can say  t h a t  th e  c r y s t a l  s i z e  c o n t r i b u t i o n  i s  much 
l e s s  p e r p e n d i c u l a r  to  t h e  {0 0 l j  p l a n e s  th an  to  t h e  
(h00^ • T h i s  was a l s o  e v i d e n t  from t h e  Wagner p l o t ,  o f  
F i g .  6 6 .  F i g .  66 a l s o  shows q u a n t i t a t i v e l y  t h a t  t h e  
s t r a i n  p e r p e n d i c u l a r  t o ‘ t h e  { 001} c a n n o t  he v e r y  much 
more t h a n  t h a t  p e r p e n d i c u l a r  t o  {hOoj , even  i f  t h e r e  i s  
no c r y s t a l  s i z e  b r o a d e n i n g  a t  a l l .  The c r o s s  o v e r  i s  
alsso n o t i c e a b l e  i n  t h e  l o g  A^/(d*)^ graph  o f  F i g .  71*
T h is  h e l p s  t o  d e m o n s t r a t e  t h e  e f f e c t s  o f  c u r v e s  o f  
d i f f e r e n t  s h a p e s  i n  th e  F o u r i e r  A n a l y s i s .  I t  a l s o  
shows t h a t  t h e r e  i s  no d i r e c t  c o m p a r i s o n  b e t w e e n  t h e  
d e v i a t i o n  p a t t e r n s  o f  th e  i n t e g r a l  b r e a d t h  method and  
t h e  t y p e  o f  p a t t e r n  fo u n d  i n  s e p a r a t i n g  c r y s t a l  s i z e  
•and s t r a i n  c o e f f i c i e n t s .  The r e s u l t s  o b t a i n e d  i n  t h i s  
i n s t a n c e  a r e  shown i n  F i g .  '72 .  The s t r a i n  v a lu e  
p e r p e n d i c u l a r  t o . { l 0 0 )  i s  . 0 0 1 A f o r  L = 50A and t h e  
c r y s t a l  s i z e  i s  21 0A. The i n t e g r a l  b r e a d t h  v a l u e s  f o r  
t h e  same sp e c im e n  were . 0 0 3 0  and 590A.
The o t h e r  s a m p le s  exam ined  by F o u r i e r  m eth ods  w ere  
t h o s e  m i l l e d  f o r  •§•, 1 and 2 h o u r s ,  th e  1 hour s a m p le  
n o t  b e i n g  t h e  same as  i n  F i g .  6 6 .  The r e s u l t s  a r e  shown 
i n  T a b le  k :  .
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F o u r i e r I n t e g r a l  B r e a d t h
M a t e r i a l S t r a i n C r y s t a l  S i z e S t r a i n C r y s t a l  S i z e
•§• hour WC .0011 243 A . 0 0 2 6 950 A
1 hour WC . 0 0 2 3 250  A
CMOOe 470  A
2 h o u rs  WC .« 0023 1 00 A 0 0044 230  A
1 00 hour.s
. 0 0 1 4 210  A . 0 0 3 0 390  A
p e r s p e x  ’
A n n e a l i n g  e x p e r i m e n t s  w ere  c a r r i e d  j ) u t  w i t h  t h e  
m a t e r i a l  w h ich  had b e e n  m i l l e d  f o r  2 h o u r s .  A l l  t h e  
s t a r t i n g  m a t e r i a l  came f r o m ' t h e  same m i l l i n g  r u n ,  and 
was t h e r e f o r e  assum ed t o  have  b e e n  s t r a i n e d  h o m o g e n e o u s l y •
For  t h i s  r e a s o n ,  p o s s i b l y ,  t h e  r e s u l t s  from t h e  a n n e a l e d
s p e c i m e n s  were  much more r e a l i s t i c  th a n  t h o s e  o b t a i n e d
from t h e  c a r b i d e s  p r e v i o u s l y  e x a m in e d .  T h i s  was t r u e  o f  b o t h
J  * ,
t h e  c r y s t a l  s i z e s  and th e  s t r a i n  v a l u e s ,  and can be  s e e n
i n  F i g .  7 3 .  The i n i t i a l  s t r a i n  o f  . 0 0 4 4 0  dropped t o
/■ o o.0 0 4 2 6  a t  170  C and was th e  same a f t e r  a n n e a l i n g  a t  4 0 0  C.
I n  b o t h  c a s e s  th e  c r y s t a l  s i z e  d i d  n o t  a l t e r  from i t s  i n i t i a l
v a l u e  o f  230  A. From 4 0 0  t o  1000°C t h e r e  was a g r a d u a l
r e l i e f  o f  s t r a i n  and a s l o w  r i s e  i n  c r y s t a l  s i z e  t o  o v e r
3 0 0  A.  S t r a i n  r e l i e f  and c r y s t a l  grow th  c o n t i n u e d  a t
1 4 00°C ;  T u n g s te n  c a r b i d e  t h e r e f o r e  seems t o  show a d e f i n i t e
r e c o v e r y  and r e c r y s t a l l i z a t i o n  p r o c e s s ,  t h e  l a t t e r  o c c u r r i n g
b e t w e e n  1 000°C and 1 2 0 0 ° C .
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An e x a m i n a t i o n  was a l s o  made o f  t u n g s t e n  c a r b i d e  
t o o l  t i p s  and b l o c k s  and w i l l  be r e p o r t e d  i n  Ch a p t er  
E i g h t •
b ) Dimolybdenum c a r b i d e
The MOgC sampl e  was q u i t e  h i g h l y  s t r a i n e d  as
©
r e c e i v e d .  A n n e a l i n g  a t  1700  C f a i l e d  t o  remove a l l  t h i s  
s t r a i n ,  and t r o u b l e  .was a l s o  e x p e r i e n c e d  w i t h  c a r b u r i z i n g  
and t h e  f o r m a t i o n  o f  MoC.. I t  was much more d i f f i c u l t  
t o  e s t i m a t e  s t r a i n s  and c r y s t a l  s i z e s  a c c u r a t e l y  b e c a u s e  
t h e r e  were  no i m p o r t a n t  m u l t i p l e  o r d e r s  and many o f  t h e  
r e f l e c t i o n s  w e r e  o f  l ow i n t e n s i t y ,
The r e s u l t , o f  b a l l - m i l l i n g  Uo^G i n  t h e  7 nil t u n g s t e n
c a r b i d e  p o t  i s  shown i n  E i g ,  74* The mean s t r a i n s  i n t e r -
/  * \ 2 / /  * \ 2  . p o l a t e d  from t h i s  {ft ) / ( d  ) ; graph have  b e e n  p l o t t e d
a g a i n s t  t i m e  on a l o g a r i t h m i c  s c a l e  i n  E i g .  75« B e c a u s e
o f  t h e  d i f f i c u l t i e s  i n  m e a s ur e m e nt ,  t h e  bar r e p r e s e n t i n g
t h e  r e p r o d u c i b i l i t y  o f  t h e  r e s u l t s  has  been  e x t e n d e d  t o
+_ 10 ^ .  As f a r  as  can be j u d g e d  t h e  b u i l d  up o f  s t r a i n
f o l l o w s  a c u r v e  s i m i l a r  t o  t h a t  o b s e r v e d  i n  mos t  o f  t h e
o t h e r  m a t e r i a l s .  The s a t u r a t i o n  l e v e l  i s  s l i g h t l y  above
, 0 0 4 6 , Mean c r y s t a l  s i z e  w a s , a b o u t  5 0 0  i #  ;
Once a g a i n  t h e  m a t e r i a l  c h o s e n  f o r  a n n e a l i n g  e x p e r i m e n t s
was t h e  m a t e r i a l  w h i c h  had been  m i l l e d  f o r  f o u r  h o u r s .
As s e v e r a l  m i l l i n g  r u n s  were  n e e d e d  t o  p r o c u r e  enough
m a t e r i a l  f o r  a n n e a l i n g , t h e  2i 0 ° C a n n e a l i n g  was p e r f o r m e d
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w i t h  t h e  same m a t e r i a l ,  and i n  ih e same s p ec im en  
h o l d e r ,  as  had be en  u s e d  f o r  t h e  measurement  o f  t h e  
s t r a i n  as  m i l l e d .  A l l  a n n e a l i n g s  were  f o r  2 hours'  
at  t e m p e r a t u r e .  Above 600°C l a mp bl ac k  was n e e d e d  
t o  p r e v e n t  d e c a r b u r i z a t i o n  t o  m e t a l l i c  molybdenum.
Above 1400°C t h e  h i g h e r  c a r b i d e ,  MoC, i s  t h e  more s t a b l e ,  
and t h e  sample  a n n e a l e d  at.  1 650°G i n  t h e  P y r o c o r e  f u r n a c e  
c o n t a i n e d  a f ew f a i n t  l i n e s  o f  . t h i s  p h a s e .  P i g .  
shows t h e  r e a d i n g s  o b t a i n e d  from t h e s e  e x p e r i m e n t s .
As w i t h  P i g .  74  t h e r e  i s  more s c a t t e r  w i t h  t h i s  m a t e r i a l  
t h a n  w i t h  most  o f  t h e  o t h e r  m a t e r i a l s .  P i g .  77 shows  
t h e  a n n e a l i n g  c u r v e  o b t a i n e d  from t h e s e  r e a d i n g s .
A ga i n  a t o l e r a n c e  o f  + 10% has  b e e n  a s s i g n e d  t o  e a ch  
r e a d i n g .  The c u r v e  has  a shape  s i m i l a r  t o  t h a t  p r e v i o u s l y  
o b s e r v e d  w i t h  o t h e r  c a r b i d e s , .  t ho ug h  t h e  m e a s u r em e n t s  
were  t o o  i n s e n s i t i v e  t o  d e t e c t  any  d e f i n i t e  r e a c t i o n s .
The mean c r y s t a l  s i z e s  showed a t e n d e n c y  t o  i n c r e a s e ;  
from 500  k  a s  m i l l e d  t o  1500  A a f t e r  a n n e a l i n g  a t  1 2 0 0 ° ,  
and over  2000 k  a t  1 65 0° C.
The work on MOgC was t h e r e f o r e  much l e s s  c o n v i n c i n g  
th an  t h a t  w i t h  t u n g s t e n  c a r b i d e ,  but  i t s '  b e h a v i o u r  on 
m i l l i n g  was s i m i l a r ,  and i t  p r o v e d  m o r e . d i f f i c u l t  t o  
remove t h e  s t r a i n .
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F I G.  62
An Electron micrograph of sub-micron grade tungsten carbide
■
magnification 4 0 , 0 0 0
1 m i c r o n
i ' / y
p i g .  63
A Stereoscan photograph of as received tungsten carbide
10K magnification 20° tilt
1 m i c r o n
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Fig. 65
Powder p h o t o g r a p h s  of T u n g s t e n  C a rb id e
a ,  As r e c e i v e d ,  a l m o s t  s t r a i n  f r e e
O
b,  B a l l - m i l l e d  f o r  >1 hour
I
O
Co B a l l - i i x i l l e d  f o r  1 hour
d« B a l l - m i l i e d  f o r  2 hou r s
E ig .  66 180
B a^ l  m i l l i n g  o j. T u n g s te n  C a rb id e  ( 3 * ) ^ / ( d * )
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Fig. 68
An Electron micrograph of tungsten carbide, ball-milled
for 8 hours
20K magnification
1 micron
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FIG-. 69
A Stereoscan photograph of tungsten carbide, 
ball-milled for 8 hours
7600 x 45° tilt j______
2 microns
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Separation of Strain and Crystal  Size C o e f f i c ie n t s
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CHAPTER EIGHT
X-RAY LINE BROADENING IN BLOCK SAMPLES OF TUNGSTEN CARBIDE
A l l  t h e  work d e s c r i b e d  so f a r  has  b e e n  c o n c e r n e d
w i t h  powder s p e c i m e n s .  For  p r a c t i c a l  a p p l i c a t i o n s  t h e
*
c a r b i d e s  and b o r i d e s  a r e  u s u a l l y  s i n t e r e d  i n t o  b l o c k
form.  The s c o p e  o f  t h e  work was t h e r e f o r e  e x t e n d e d  by
e x a m i n i n g  some o f  t h e  t y p i c a l  e xa mp l es  o f  s i n t e r e d
t u n g s t e n  c a r b i d e  met i n  p r a c t i c e .  The p a r t i c u l a r
ex a mp l es  l o o k e d  a t  were' c o b a l t - b o n d e d  t u n g s t e n  c a r b i d e
t o o l  t i p s  i n  v a r i o u s  c o n d i t i o n s ,  and a l s o  t h e  end caps
o f  t h e  b a l l  m i l l  u s e d  d u r i n g  t h e  work.
A g r e a t  d e a l  o f  r e s e a r c h  has  b e e n  p u t  i n t o  t h e
s t u d y  o f  wear o f  s i n t e r e d  c a r b i d e  t o o l s .  Wear takes .
p l a c e  by two m e c h a n i s m s .  The f i r s t  o f  t h e s e  i s  t h e
1c r a t e r i n g ’ e f f e c t ,  which  m a n i f e s t s  i t s e l f  as  a c r a t e r
or worn p o r t i o n  j u s t  be yo nd  t h e  c u t t i n g  edge  o f  t h e
t o o l .  T h i s  was t h o u g h t  t o  be due t o  a l l o y i n g  t a k i n g
p l a c e  a t  h i g h  t e m p e r a t u r e  b e t w e e n  t h e  t o o l  t i p  and t h e  
76m e t a l  b e i n g  c u t '  . The s e c o n d  t y p e  i s  t h e  b r e a k i n g  o f f  
o f  p a r t i c l e s  from t h e  t o o l  t i p ,  and i s  due t o  t h e  i n h e r e n t  
b r i t t l e n e s s  o f  t h e  t u n g s t e n  c a r b i d e . '  T h i s  can be  
r e l i e v e d  by t h e  a d d i t i o n  o f  more c o b a l t  b i n d e r ,  b u t  an 
i n c r e a s e  i n  t h e  c o b a l t  c o n t e n t  r e s u l t s  i n  a r e d u c t i o n  
i n  t h e  h a r d n e s s  o f  t h e  m a t e r i a l .
I t  was t h o u g h t  t h a t  any r e s i d u a l  s t r a i n  i n  t h e
m a t e r i a l  mi gh t  a f f e c t  t h e  s e c o n d  mode o f  w e a r ,  and so 
a t t e m p t s  were  made t o  m e a s u r e  t h e  l a t t i c e  s t r a i n  by  
x - r a y  l i n e  b r o a d e n i n g .  B ul k  s p e c i m e n s  s uc h  a s  t o o l  
t i p s  are  f r e q u e n t l y  s m a l l  and 'have i r r e g u l a r  s h a p e s ,  
and i t  t h e r e f o r e  becomes  i m p r a c t i c a l  t o  use '  t h e  x - r a y  
d i f f r a c t o m e t e r .  B e c a u s e  o f  t h i s ,  f i l m  met h ods  were  
r e s o r t e d  t o .  W h i l e  f i l m  methods  h a v e ,  i n  g e n e r a l ,  
be en  s u p e r s e d e d  by d i f f r a c t o m e t r y  f o r  x - r a y  l i n e  b r o a d e n i n g  
work,  t h e y  do h o l d  c e r t a i n  a d v a n t a g e s .  I n  a d d i t i o n  t o  
t h e  a b i l i t y  t o  examine  a s m a l l  s u r f a c e  o f  a b u l k  s p e c i m e n ,  
i t  i s  g e n e r a l l y  e a s i e r  t o  ad a pt  t h e  r a d i a t i o n  and t h e  
camera t o  f i t  t h e  s p e c i m e n  t h an  i t  i s  w i t h  t h e  
d i f f r a c t o m e t e r .  I n  t h i s  p a r t i c u l a r  i n s t a n c e ’ i t  was  
n e c e s s a r y  t o  u s e  c o b a l t  r a d i a t i o n  as  t h e  s p e c i m e n  
f l u o r e s c e d  i n  c op pe r  r a d i a t i o n .  The r e s u l t s  had been  
f ou nd  t o  be  b e lo w s t a n d a r d  when o b t a i n e d  from t h e  
s am p l e s  o f  t u n g s t e n  c a r b i d e  c o n t a i n i n g  1 0% o f  c o b a l t .  i
C o b a l t  r a d i a t i o n  was t r i e d  on t h e  d i f f r a c t o m e t e r ,  bu t  
t h e  i n t e n s i t y  o f  t he  d i f f r a c t e d  p a t t e r n  was v e r y  -low 
b e c a u s e  t h e  anode  c u r r e n t  had t o  be k e p t  low when u s i n g  
a t a r g e t  m a t e r i a l  w i t h  t h e  p o o r  t h e r m a l  p r o p e r t i e s  o f  
c o b a l t .  Wi th  f i l m  methods  t h e  e n t i r e  a n g u l a r  r a n g e  i s  ' 
r e c o r d e d  s i m u l t a n e o u s l y ,  and t h e r e  i s  no l i m i t  t o  t h e  
e x p o s u r e  t i m e  t h a t  can be u s e d .  Wi th  . s m a l l  b l o c k  s a m p l e s  
i t  i s  u s u a l  to t a k e  f l a t  p l a t e  b a c k  r e f l e c t i o n  p h o t o g r a p h s .
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B e c a u s e  the'  d i f f r a c t e d  beam h i t s  t h e  f i l m  a t  an o b l i q u e  
a n g l e  t h e s e  cameras  a r e  u n s u i t a b l e  f o r  x - r a y  l i n e  
b r o a d e n i n g  work,  u n l e s s  a s u i t a b l e  g e o m e t r i c a l  c o r r e c t i o n  
i s  made.  I n  o rd e r  t o  t a k e  q u a n t i t a t i v e  m e a s u r e m e n t s ,  
a s p e c i a l  c u r v e d  b ac k  r e f l e c t i o n  camera was b u i l t ,  
w i t h  a r a d i u s  o f  1+^' • The f i l m s  o b t a i n e d  from t h i s  
camera were  e xami ne d w i t h  a J o y c e  L o e b l  d o u b l e  beam 
m i c r o d e n s i t o m e t e r  t o  o b t a i n  p r o f i l e s  from t h e  r e f l e c t i o n s .
The,  camera and d e n s i t o m e t e r  were  . c a l i b r a t e d  w i t h  
a sample  o f  t u n g s t e n  c a r b i d e  powder  which  had be en  
a n n e a l e d  f o r  1 6 h o u r s  a t  1 6 5 0 ° C .  C o b a l t  r a d i a t i o n  was  
u s e d ,  and one  i s o l a t e d  r e f l e c t i o n ,  t h e  2 1 1 ,  was e x a m i n e d .  
The powders  w h i c h  had be en  b a l l - m i l l e d  f o r  i ,  1 ,  2 and  
4 h o u r s  were t h e n  exami ne d .  The c h a r a c t e r i s t i c s  o f  
t h e s e  m a t e r i a l s  were  w e l l  known from d i f f r a c t o m e t e r  
m e a s u r e m e n t s .
Two c o b a l t  a l l o y  t u n g s t e n  c a r b i d e  t o o l  t i p s  were  
e x a m i n e d .  The se  were  b o t h  o f  c o m p o s i t i o n  c o b a l t ,  
and 91+% t u n g s t e n  c a r b i d e .  One o f  t h e s e  was u n u s e d  and  
i t  was found t h a t  t h e  s u r f a c e  p o l i s h e d  w i t h  a diamond  
w h e e l  gave  r i s e  t o  q u i t e  broad  202 and 211 r e f l e c t i o n s .
The b a ckgr oun d  on t h e s e  p h o t o g r a p h s  was v e r y  v a r i a b l e  
and a c c u r a t e  i n t e g r a l  b r eadt h ;  measurement  was t a k e n  o f  
t h e  211 r e f l e c t i o n  and compared w i t h  t h o s e  o b t a i n e d  
from powder  s p e c i m e n s .  The amount o f  b r o a d e n i n g  l a y
b e t w e e n  t h a t  from t h e  -g- and 1 hour  b a l l - m i l l e d  s p e c i m e n s .  
T h i s  would g i v e  a s t r a i n  e q u i v a l e n t  t o  . 0027«'
A f l a t  p o l i s h e d  s u r f a c e  was p r e p a r e d  f o r  m e t a l l o -  
g r a p h i c  e x a m i n a t i o n .  The worked l a y e r  was removed  by  
e t c h i n g  e l e c t r o l y t i c a l l y  i n  9% p o t a s s i u m  h y d r o x i d e .
The g r a i n  s t r u c t u r e  r e v e a l e d  c o n s i s t e d  o f  e q u i a x e d  
t u n g s t e n  c a r b i d e  g r a i n s  . s u r r o u n d e d  by a c o b a l t  m a t r i x .
The g r a i n  s i z e  was  o f  the-  o r d e r  o f  one m i c r o n .  ~
The s e c o n d  s p e c i m e n  was of .  a t o o l  t i p  t h a t  had  
b e e n  u s e d  q u i t e . c o n s i d e r a b l y  f o r  m a c h i n i n g  s t e e l  and  
was w e l l  worn.  The r e f l e c t i o n s  o b t a i n e d  were  v e r y  b r o a d  
i n d e e d ,  the  211 b e i n g  e q u i v a l e n t  t o  1+ h o u rs  m i l l i n g .
The s t r a i n  i n  t h e  4  hour  m i l l e d  s a m p l e . w a s  . 0 0 6 .  N e v e r ­
t h e l e s s  t h i s  f i g u r e  i s  much s m a l l e r  t h a n  t h e  . 0 1 0  
o b t a i n e d  f o r  a h e a v i l y  b a l l - m i l l e d  p o w d e r .
For t h e  f i n a l  s p e c i m e n ,  a c h i p  was t a k e n  o f f  t h e  
w e l l  worn s p e c i m e n  w i t h  a c h i s e l .  T h i s  was a very  
s i m p l e  o p e r a t i o n  and i l l u s t r a t e d  how b r i t t l e  t h e  m a t e r i a l  
was .  A p h o t o g r a p h  was t a k e n  o f  t h e  n e w l y  e x p o s e d  
s u r f a c e  and r e v e a l e d  a s p o t t y  r i n g  p a t t e r n .  T h i s  i n d i c a ^  
t h a t  t h e  c r y s t a l s  were  n o t  b r ok e n  down a s  much as  i n  
t h e  o t h e r  two s p e c i m e n s .  The "c h i p ' ’ was mounted i n  
p l a s t i c  and r o t a t e d  so t h a t  c o n t i n u o u s  r i n g s  were  f o r m e d .  
The r e f l e c t i o n s  p r o du c ed  were  f a i r l y  sharp i n d i c a t i n g  
t h a t  t h e  m a t e r i a l  was c o m p a r a t i v e l y  s t r a i n  f r e e .  The
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s u r f a c e  was much more i r r e g u l a r  t h a n  had "been t h e  c a s e  
w i t h  t h e  o t h e r  s p e c i m e n s ,  and so  any s l i g h t  b r o a d e n i n g  
may n o t  have  b e e n  due t o  t h e  c r y s t a l  l a t t i c e .  C o b a l t  
l i n e s  from t h e  h e x a g o n a l  p h a s e  were  a l s o  v i s i b l e  i n  
t h i s  p h o t o g r a p h *
F l a t  p l a t e  p h o t o g r a p h s ,  e q u i v a l e ' n t  t o  t h o s e  t a k e n  
i n  t h e  c u r v e d  back  r e f l e c t i o n  c a m e r a , ?a r e  shown i n  
F i g .  78* The t h r e e  s e c t o r s  o f  t h e  p h o t o g r a p h  show:
a .  A n n e a l e d  t u n g s t e n  c a r b i d e  powder
b .  The worked s u r f a c e  o f  t h e  t o o l  t ip'"
c .  A f r e s h l y  e x p o s e d  s u r f a c e  o f  the  t o o l  t i p
The p h o t o g r a p h s  were t a k e n  w i t h  c o b a l t  r a d i a t i o n  .. 
and t h e  h i g h e s t  a n g l e  r e f l e c t i o n  i s  t h e  2 1 1 .  ’ On ( a ) ,  
t h e  a n n e a l e d  p o w d e r ,  two o t h e r  i n t e n s e  r e f l e c t i o n s  c an  
be s e e n .  R e a d i n g  o u t w a r d s ,  t h e s e  are  t h e  202 a nd  t h e  
210 w i t h  t h e  weak 003 r e f l e c t i o n  j u s t  v i s i b l e  i n  b e t w e e n ,  
t hem.  I n  ( b ) ,  t h e  h e a v i l y  worked s a m p l e ,  t h e  003 can  
no l o n g e r  be s e e n ,  w h i l e  t h e  202 and 210 a r e  b o t h  v e r y  
b r o ad  and h a r d l y  v i s i b l e .  The 211 i s  a l s o  v e r y  b r o a d .
I n  ( c )  t h e ' t h r e e  p r i m a r y  r e f l e c t i o n s  a r e  a l l  s p o t t y ,  
and b r o a d e r  t h a n  i n  t h e  a n n e a l e d  p o w d e r .  The 003 
r e f l e c t i o n  i s  n o t  v i s i b l e ,  but  a c o b a l t  l i n e  can j u s t  
be s e e n  o u t s i d e  t h e  2 1 0 .  No s i g n i f i c a n c e  s h o u l d  be  
a t t a c h e d  t o  t h e  a p p a r e n t  change  i n  peak p o s i t i o n s .
T h e s e  may have  be en  c a u s e d  by s l i g h t  p o s i t i o n a l  v a r i a t i o n s
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i n  t h e  camera mount .  The s p e c im en  t o  f i l m  d i s t a n c e  
was j u s t  under  2 i n c h e s .
A t t e m p t s  were made t o  c o r r e l a t e  t h e  wear on t h e  
t o o l  t i p  w i t h  a n o t h e r  p a r a m e t e r ,  h a r d n e s s .  M i c r o h a r d n e s s  
t e s t s  w e re  p e r f o r m e d  on t h e  worn t o o l  t i p  and on t h e  
n e w l y  e x p o s e d  s u r f a c e  w i t h  a L e i t z  M i n i l o a d  m i c r o h a r d n e s s  
t e s t e r .  The u n e v e n e s s  o f  t h e  n e w l y  e x p o s e d  s u r f a c e  
made i t  d i f f i c u l t  t o  compare t h e  r e a d i n g  o b t a i n e d  w i t h  
t h a t  from t h e  worked s u r f a c e .  I n  a c a s e  such  as  t h i s ,  
t h e  d e f o r m a t i o n  i s  a s u r f a c e  e f f e c t  and a s p e c i a l  
h a r d n e s s  t e s t e r ,  p o s s i b l y  o f  t h e  s c r a t c h  t y p e ,  would  be  
a u s e f u l  d e v e l o p m e n t  t o  c o r r e l a t e  h a r d n e s s  and l a t t i c e  
s t r a i n .
The t u n g s t e n  c a r b i d e  end c ap s  from t h e  s m a l l e r  
p o t  we r e  a l s o  exami ned  by x - r a y  d i f f r a c t i o n  i n  t h e  
°same c a me r a .  The se  had been  u s e d  f o r  o v e r  100 h o u r s  
i n  t h e  M280 b a l l  m i l l .  Bo th  o f  them showed l i n e  b r o a d e n i n g  
comp a r ab l e  t o  t h a t  . o b s e r v e d  i n  t h e  t o o l  t i p s  and i n  
c e r t a i n  o f  t h e  b a l l  m i l l e d  p o w d e r s . The s t r a i n  me as ur eme nt  
i n  powd ers  c ompar ab l e  t o  t h i s  amount o f  b r o a d e n i n g  was  
abou t  . 0 0 6 .  The end caps  showed . s i g n i f i c a n t ,  e v i d e n c e  
o f  w e a r .  The c o n t i n u o u s  p o u nd i n g  .t h a t  t h e y  h ad  
r e c e i v e d  from t h e  t u n g s t e n  c a r b i d e  b a l l  had l e d  t o  a 
c i r c u l a r  worn p o r t i o n  n e a r  the  c e n t r e . o f  the  end c a p ,  
b u t  l e a v i n g  t h e  c e n t r a l  p o r t i o n  c o m p a r a t i v e l y  u n t o u c h e d .
I t  was from t h i s  worn p o r t i o n  t h a t  t h e  me as ur eme nt s  
were  t a k e n .  The r e v e r s e  s i d e  o f  t h e  cap was a l s o  ex a mi ne d  
I t  was v e r y  s i m i l a r  t o  t h e  c h i p p e d  s u r f a c e  o f  t h e  t o o l  
and showed a c h a r a c t e r i s t i c  s p o t t y  p a t t e r n ,  w h i c h  on 
r o t a t i o n  o f  t h e  s p e c i m e n  r e v e a l e d  s h a rp  l i n e s .
I t  i s  ' e v i d e n t  from t h e  e x p e r i m e n t s  d e s c r i b e d  
above  t h a t  p l a s t i c  f l o w  t a k e s  p l a c e  i n  t h e  t u n g s t e n  
c a r b i d e  l a t t i c e .  As s u p p l i e d  by t h e  m a n u f a c t u r e r s ,  
t h e  diamond p o l i s h e d  l a y e r s  o f  t h e  t u n g s t e n  c a r b i d e  
a r e  c o n s i d e r a b l y  s t r a i n e d .  A f a c t o r  s uc h  as t h i s  must  
a f f e c t  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  t o o l  i t s e l f ,  
p a r t i c u l a r l y  i t s  r e s i s t a n c e  t o  w e a r .  When t h e  t o o l  i s  
i n  u s e  t h e  n a t u r e  o f  t h e  s u r f a c e  c h a n g e s  c o n s i d e r a b l y  
under  t h e  i n f l u e n c e  o f  h e a t  and s h e a r i n g  f o r c e s .  As  
a r e s u l t  o f  t h i s  t h e  amount o f  s t r a i n  p r e s e n t  i n ' t h e  
l a t t i c e ' m a y  i n c r e a s e  and h e n c e  g i v e  r i s e  to d i f f u s e  
d i f f r a c t i o n  p a t t e r n s .  F i g .  78a, i s  a t y p i c a l  e x a m p l e .
T re nt  has  shown t h a t  t h e  t e m p e r a t u r e  o f  a t o o l  t i p
o 75may r e a c h  1 3 00  C d u r i n g  u s e  , .  and t o o l  t i p s  ha v e  b e e n
s e e n  t o  r e a c h  r e d  h e a t  when o b s e r v e d  i n  d a r ke ne d  r o o m s .
At s u c h  e l e v a t e d  t e m p e r a t u r e s  s e v e r a l  s e t s  o f  s l i p
22p l a n e s  woul d  be  o p e r a t i v e  i n  t u n g s t e n  c a r b i d e  • The
) ' • 
c o b a l t  b i n d e r  c a n no t  a b s o r b  a l l  t h e  a p p l i e d  s t r e s s  and
t h e  t u n g s t e n  c a r b i d e  g r a i n s  t h e m s e l v e s  become c o n s i d e r a b l y
s t r a i n e d .  The c o b a l t  l i n e s  d i s a p p e a r  a l t o g e t h e r  when t h e
199
t o o l  t i p  i s  p o l i s h e d  or u s e d .
The s t u d y  o f  t r i b o l o g y  has  g a i n e d  i n c r e a s i n g  i m p o r t a n c e  
i n  r e c e n t  y e a r s .  These  o b s e r v a t i o n s  must  have  i m p o r t a n t  
i m p l i c a t i o n s  w i t h  r e g a r d  t o  t h e  s u r f a c e - c h a r a c t e r i s t i c s  
o f  t h e  t u n g s t e n  c a r b i d e  t o o l  and h e n c e  t o  i t s  r a t e  o f  
w e a r .  I t  i s  e v i d e n t  t h a t  t he  n a t u r e  o f  the  t o o l  or  
b a l l  m i l l  e n d . c a p  c h a n g e s  d u r i n g  i t s  l i f e  c y c l e  and i t  
would  be i n t e r e s t i n g  t o  c o r r e l a t e  s uc h  c ha n g es  w i t h  
c u t t i n g  or m i l l i n g  e f f i c i e n c y .  The e f f e c t  o f  a l l o y i n g  
w i t h  t h e  m e t a l  b e i n g  cut  i s  a n o t h e r  problem w h i c h  a f f e c t s  
t h e  c r a t e r i n g .  An e x t e n s i o n  o f  t h i s  work t o  s t u d y  t h e  
e f f e c t s ,  o f  c u t t i n g  v a r i o u s  m e t a l s  would  p r ov e  u s e f u l .
The prob l em l e n d s  i t s e l f  t o  t e c h n i q u e s  o t h e r  t h an  x - r a y  
d i f f r a c t i o n ,  i n  p a r t i c u l a r  e l e c t r o n  d i f f r a c t i o n  f o r  
s t u d y i n g  wear- and m i c r o p r o b e  a n a l y s i s  f o r  s t u d y i n g  
a l l o y i n g  b e t w e e n  t h e  work p i e c e  a n d . t h e  t o o l  t i p *
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F i g .  78
Back reflection photographs of tungsten carbide
a. Worked surface of the tool tip 
h . Annealed tungsten carbide powder
c. Freshly exposed surface of the tool tip*
c
CHAPTER NINE .
RESULTS AND CONCLUSIONS 
A l t o g e t h e r ,  19 m a t e r i a l s  h a v i n g  c o v a l e n t  or 
i n t e r s t i t i a l  b o n d in g  were  s t u d i e d  q u a n t i t a t i v e l y  by  
x - r a y  l i n e  b r o a d e n i n g .  Of t h e s e  18 were  b a l l - m i l l e d  
and 7 were  t h e n  g i v e n  a n n e a l i n g  t r e a t m e n t s ,
a )  A's r e c e i v e d  m a t e r i a l s
An i n i t i a l  s u r v e y  showed t h a t  most  o f  t h e  powders  
o f  m a t e r i a l s  i n  t h e  c o v a l e n t  and i n t e r s t i t i a l  c l a s s e s  
a r e  s l i g h t l y  s t r a i n e d  a f t e r  man uf ac t ure , .  N a t u r a l  V
diamonds  and t h e  b o r i d e s  t e n d  t o  be a l m o s t  s t r a i n  f r e e .  
Lanthanum h e x a b o r i d e  had t h e  s h a r p e s t  p r o f i l e s  e v e r  
t r a c e d  i n  t h i s  l a b o r a t o r y .
C e r t a i n  o f . t h e  c a r b i d e s  and n i t r i d e s ,  p a r t i c u l a r l y  
t h o s e  w i t h  f a c e  c e n t r e d  c u b i c  s t r u c t u r e s ,  ha ve  i m p e r f e c t  
l a t t i c e s .  On t h e  d i f f r a c t i o n  p a t t e r n s ,  t h e s e  f a u l t s  
a r e  s e e n  a s  a s y m me t r i c  p r o f i l e s  h a v i n g  m u l t i p l e  p e a k s .
The most  l i k e l y  e x p l a n a t i o n  i s  t h a t  t h e y  have  a t e n d e n c y  
t o  form d e f e c t  l a t t i c e s  due t o  n o n - s t o i c h i o m e t r y .
Rooksby  has  o b s e r v e d  a s i m i l a r  o c c u r r e n c e  w i t h  n i c k e l
78 15o x i d e  '■ and G-oldschmidt  c i t e s  s e v e r a l  c a s e s  • The e f f e c t
was most  n o t i c e a b l e  w i t h  t i t a n i u m ,  vanadium and z i r c o n i u m
c a r b i d e s ,  and w i t h  t i t a n i u m  n i t r i d e .  I n  e a c h  c a s e  t h e
m e t a l l i c  e l e m e n t  has  a s t r o n g  a f f i n i t y - f o r  o x y g e n ,  and
i t  p r o v e d  v e r y  d i f f i c u l t  t o  a n n e a l  t h e s e  p a r t i c u l a r  •
i n t e r s t i t i a l  compounds w i t h o u t  o x i d a t i o n  o c c u r r i n g .  ,
One o t h e r  m a t e r i a l ,  dimolybdenum c a r b i d e ,  MOgC, had  
broad p r o f i l e s ,  b u t  t h e s e  c o u l d  be  a n a l y s e d  i n  t e r ms  
o f  a s t r a i n e d  s a m p l e .  S u b s e q u e n t  a n n e a l i n g  e x p e r i m e n t s  
showed t h a t  any s t r a i n  p r e s e n t  i n  MOgC c o u l d  n o t  be  
c o m p l e t e l y  a n n e a l e d  o u t ,  e v en  a t  1 7 0 0 ° G .  r
Boron n i t r i d e ,  i n  i t s  g r a p h i t i c  form,  p r o v e d  t o
(S' * 4
be an i n t e r e s t i n g  m a t e r i a l *  The hOO r e f l e c t i o n s  were  
f a i r l y  s h a r p ,  t h o s e  o f  0 01  were  b r o a d e r ,  bu t  t h e  hOl  
r e f l e c t i o n s  were  b r o a d e s t .  T h i s  can be i n t e r p r e t e d  
i n  t erms  o f  s l i p  p a r a l l e l  t o  e i t h e r  t h e  x or  t h e  z - a x i s ,  
which woul d  l e a v e  the  hOO and 001  r e f l e c t i o n s  f a i r l y  
s h a r p ,  b u t  b r o a d e n  r e f l e c t i o n s  o f  mi xed  i n d i c e s ,  s uch  1 
as h Ol .  T h i s  would  be e q u i v a l e n t  t o  s t a c k i n g  f a u l t s  
c a u s e d  by t h e  d i s p l a c e m e n t  o f  one l a y e r  o v e r  a n o t h e r ,
b)  E f f e c t  o f  b a l l - m i l l i n g
B a l l - m i l l i n g  o f  any m a t e r i a l  h a v i n g  c o v a l e n t  or  
i n t e r s t i t i a l  b o n d i n g  i n t r o d u c e s  x - r a y  l i n e  b r o a d e n i n g ,  
p r o v i d i n g  t h e  m a t e r i a l  i s  b e l o w  i t s  r e c r y s t a l l i z a t i o n  
t e m p e r a t u r e .
X - r a y  l i n e - b r o a d e n i n g  can b e  a n a l y s e d  by t h r e e  
d i f f e r e n t  m e t h o d s ;  i n t e g r a l  b r e a d t h  a n a l y s i s ,  F o u r i e r  
a n a l y s i s  and v a r i a n c e  a n a l y s i s .  W h i l e  a l l  t h r e e  me th ods  
e n t a i l  a c e r t a i n  amount o f  l a b o u r ,  t h e  i n t e g r a l  b r e a d t h  ?. 
method i s  t h e  q u i c k e s t  when t h e  e qu i p me nt  b e i n g  u s e d
i s  n o t  f u l l y  a u t o m a t i c  and l i n k e d  d i r e c t l y  t o  a computer  
I t  i s  a l s o  m o r e ■c o n v e n i e n t  f o r  d e a l i n g  w i t h  v e r y  b r o a d  
p r o f i l e s .  Whi l e  more i n f o r m a t i o n  cari be o b t a i n e d  . from 
F o u r i e r  a n a l y s i s ,  t h e  Wagner i n t e g r a l  b r e a d t h  method  i s 
v e r y  u s e f u l  when d i r e c t  c o m p a r i s o n s  a re  n e e d e d  b e t w e e n  
m a t e r i a l s .  I t  i s  n e v e r t h e l e s s  u s e f u l  t o  c heck  t h e  
r e s u l t s  p e r i o d i c a l l y  w i t h  t h o s e  o b t a i n e d  from t h e  o t h e r  
two methods  wh e n ev e r  p o s s i b l e .
The c o v a l e n t  m a t e r i a l s  s t u d i e d  i n c l u d e d  t h r e e  G-roup 
IV e l e m e n t s ;  diamond,  germanium and s i l i c o n .  A
germanium sampl e  was a n a l y s e d  by a l l  t h r e e  methods  o f
x - r a y  l i n e  b r o a d e n i n g  and an e f f e c t i v e  c r y s t a l  s i z e  o f  
250 X was f o u n d  by b o t h  F o u r i e r  and v a r i a n c e  a n a l y s i s  
f o r  t h e  1 1) • The c o r r e s p o n d i n g  Wagner i n t e g r a l  b r e a d t h  
measurement  was 430  ; T h i s  was t y p i c a l  o f  t h e
d i f f e r e n c e s  d e t e c t e d  b e t w e e n  t h e  i n t e g r a l  b r e a d t h  and
F o u r i e r  me th ods  o f  a n a l y s i s .  D i f f e r e n t  p a r a m e t e r s  
were  b e i n g  m e a s u r e d .  I n  t h e  h e a v i l y  m i l l e d  s a m p l e s  b o t h  
s i l i c o n  and germanium a t t a i n e d  f i n a l  c r y s t a l  s i z e s  
o f  330  -  4 0 0  $. ( i n t e g r a l  b r e a d t h  v a l u e s ) .
I n  t h e  G-roup IV m e t a l s  t h e r e  i s  a d e f i n i t e  r e l a t i o n  
s h i p  b e t w e e n  s t r a i n  i n d u c e d  and t h e  s t r e n g t h  o f  t h e  
c h e m i c a l  bond.  Thus diamond,  w i t h  e x t r e m e l y  s t r o n g  
b o n d i n g  f o r c e s ,  i s  h a r d l y  de formed a t  a l l  a t  room 
t e m p e r a t u r e .  The l o w e r  e l e m e n t s  i n  t h e  G-roup, s i l i c o n
and germanium have  weaker  c o v a l e n t  b o n d i n g  f o r c e s ,  w i t h  
t h e  r e s u l t  t h a t  t h e y  can  be de f ormed  more r e a d i l y  by  
t h e  same t r e a t m e n t .
In  t h e  c a s e s  o f  germanium and s i l i c o n ,  t h e  mode 
o f  d e f o r m a t i o n  c o n f o r m e d . t o  t h e  p a t t e r n  a n t i c i p a t e d  
from t h e  e l a s t i c  c o n s t a n t s .  I n  diamond t h e  amount o f  
b r o a d e n i n g  was t o o  s m a l l  f o r  t h i s  t o  be e s t a b l i s h e d .  
Abnormal  b r o a d e n i n g  i n  germanium d u r i n g  t h e  a n n e a l i n g  
p r e s e n t e d  some e v i d e n d e  o f  s t a c k i n g  f a u l t s ,  b u t  t h e i r  
p r e s e n c e  was n o t  c o n f i r m e d  by peak s h i f t s  and l a t t i c e  
p a r a m e t e r  measurement s  .•
Diamond can be de for me d a t  h i g h  t e m p e r a t u r e ,  and 
b a l l - m i l l i n g  a t  200°C g a v e  . r i s e  to  much more s t r a i n  . 
t h a n  was i n d u c e d  a t  room t e m p e r a t u r e .  In  c o n t r a s t  t o  
diamond,  t h e  c o v a l e n t  b o n di ng ,  i n  a luminium n i t r i d e  i s  
v e r y  weak,  w i t h  t h e  r e s u l t  t h a t  a l a r g e  s t r a i n  i s  
i n d u c e d  e v e n  a f t e r  a s m a l l  amount o f  b a l l - m i l l i n g .
The b e h a v i o u r  o f  a l l  t h e  f a c e - c e n t r e d  c u b i c  c a r b i d e s  
can be c o n s i d e r e d  t o g e t h e r .  Once a g a i n ,  the  amount  
o f  s t r a i n  i n d u c e d  depend s  on t h e  s t r e n g t h  o f  t h e  b o n d .
The mechanism o f  d e f o r m a t i o n  d i f f e r s  f rom m a t e r i a l  t o  
m a t e r i a l ,  h o w e v e r .  E l a s t i c  c o n s t a n t s  we re  a v a i l a b l e  
f o r  t i t a n i u m  c a r b i d e  o n l y ,  ( n . b .  f o r  ZrC now a l s o )  and  
i t  was found t h a t  t h e  s t r a i n  i n  a g i v e n  d i r e c t i o n  was  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  Y o u n g ’ s m o d u l u s .  Vanadium
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and t i t a n i u m  c a r b i d e s  a r e  v e r y  p r o n e  t o  o xy g en  p e n e t r a t i o n  
o f  t h e  l a t t i c e  w i t h  t h e  r e s u l t  t h a t  t h e  d e f o r m a t i o n  i s  
a l m o s t  i s o t r o p i c .  Ni obi um and t a n t a l u m  c a r b i d e s  are  
c o m p a r a t i v e l y  immune t o  o x y g e n  p e n e t r a t i o n  w i t h  t he  
r e s u l t  t h a t  d e f o r m a t i o n  i s  a n i s o t r o p i c .  Z i r c o n i u m  
c a r b i d e  l i e s  b e t w e e n  t h e  two t y p e s .  S t r a i n  v a l u e s  f o r  
m a t e r i a l s  m i l l e d  i n  t h e  same p o t  t e n d e d  t o  r e a c h  a 
maximum v a l u e  a f t e r  8 or  16 h o u r s  t h o u g h  s a t u r a t i o n  
v a l u e  was  n e v e r  q u i t e  r e a c h e d .  T h i s  was t r u e  o f  t h e  
h e x a g o n a l  c a r b i d e s  as  w e l l .  ./
The c r y s t a l s . i n  t h e  f a c e  c e n t r e d  c u b i c  c a r b i d e s  
were  f a i r l y  i s o t r o p i c  a f t e r  b a l l - m i l l i n g .  I n  t h o s e  
m a t e r i a l s  ■ wh i ch  were b a l l - m i l l e d  f o r  l o n g  p e r i o d s  
( 8  h o u rs  and o v e r ) ,  t h e , . , u l t i m a t e  c r y s t a l  s i z e  was  b e t w e e n  
300  and 400 S.. The c r y s t a l  s i z e  i n  t u n g s t e n  c a r b i d e ,  
meas ured  p e r p e n d i c u l a r  t o  ( l o o )  r e a c h e d  v a l u e s  b e l o w  
200 £ .  I n d i v i d u a l  c r y s t a l s  o f  t h e s e  s i z e s  c o u l d  n o t  
be s e e n  w i t h  t h e  e l e c t r o n  m i c r o s c o p e .  A l l  t h e  b a l l -  
m i l l e d  powders  t e n d e d  t o  a g g l o m e r a t e  i n t o  s p h e r e s  o f  
a p p r o x i m a t e l y  1000  % d i a m e t e r .
The t u n g s t e n  c a r b i d e  s p e c i m e n s  had sharp 001 
r e f l e c t i o n s .  As t h e  c - a x i s  i s  u n i q u e  t h i s  c o u l d  be  
i n t e r p r e t e d  i n  t e r m s  o f  b a s a l  s l i p  on ( 0 0 0 1 ) .  Such  
s l i p  would t e n d  t o  b ro ad e n  o t h e r  r e f l e c t i o n s ,  w h i l e  t h e
i
001 and h i g h e r  o r d e r s  would  r e m a i n  c o m p a r a t i v e l y  sharp®
No o t h e r  001 r e f l e c t i o n s  were  a v a i l a b l e  t o  c h e c k  t h i s ,  
h o w e v e r .  B a s a l  s l i p  i s  known t o  he p o s s i b l e  a t  h i g h  
t e  mp erat u re  s ••
The b e h a v i o u r  o f  t h e  n i t r i d e s  was s i m i l a r  t o  t h a t  
o f  t h e  c a r b i d e s .  T i t a n i u m  n i t r i d e  was t h e  o n l y  o ne  
t h a t  a f f o r d e d  a d i r e c t  c om p a r i s o n  w i t h  a c a r b i d e  o f  t h e  
same s t r u c t u r e .  I t  was f ou nd  t h a t  t h e  weaker  b o n d i n g  
i n  t h e  n i t r i d e  meant  t h a t  more s t r a i n  c o u l d  be i n t r o d u c e d
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by t h e  same t r e a t m e n t .  The t a n t a l u m  n i t r i d e ,  h a v i n g  a 
w u r t z i t e  s t r u c t u r e ,  was more r e s i s t a n t  t o  d e f o r m a t i o n  
t h an  t he  t a n t a l u m  c a r b i d e ,  bu t  t h e  c o m p a r i s o n  may n o t  
be v a l i d  b e c a u s e  o f  t h e  d o u b t s  abou t  t h e  s t o i c h i o m e t r y  
and t h e  d i f f e r e n t  c r y s t a l  s t r u c t u r e .  No e v i d e n c e  o f  
s t a c k i n g  f a u l t s  was f o u n d .
With t h r e e  d i b o r i d e s  a v a i l a b l e ,  i t  was a g a i n  
p o s s i b l e  t o  t e s t  t h e  d e p e n d e n c e  o f  s t r a i n  i n d u c e d  on 
bond s t r e n g t h .  A r e l a t i o n  was fou nd  b e t w e e n  t h e  s t r a i n  
and t h e  h e a t  o f  f o r m a t i o n ,  b u t  o n l y  when a mean v a l u e  
o f  s t r a i n  was c a l c u l a t e d  f o r  n i o b i um  d i b o r i d e .  ^bBg 
was v e r y  a n i s o t r o p i c  w i t h  e x c e p t i o n a l l y  b r o ad  001  
r e f l e c t i o n s .  ^ ^ 2  an -^ ^r ®2 were  mu°h more i s o t r o p i c ^
A model  has  been  p r o p o s e d  f o r  t h e  s t r u c t u r e  o f  t i t a n i u m  
d i b o r i d e  i n  wh i ch  a c o m p a r i s o n  i s  made w i t h  a g r a p h i t i c  
n e t  s t r u c t u r e .  I t  was w i t h  n i ob i um  b o r i d e  t h a t  t h e  t y p e  
o f  a n i s o t r o p y  f o u n d . i n  g r a p h i t i c  s t r u c t u r e s  was p r o m i n e n t
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h o w e v e r .  I t  would  be i n t e r e s t i n g  f o r  t h e  work o f  
68Lips comb t o  be r e p e a t e d  w i t h  NbB^ f o r  wh i ch  a f a r  
g r e a t e r ' d e g r e e  o f  a n i s o t r o p y  i s  p r e d i c t e d  by t h e  
p r e s e n t  w or k•
c ) E l e c t r o n  m i c r o s c o p y
The a p p l i c a t i o n  o f  e l e c t r o n  m i c r o s c o p y  t o  powders  
i s  r e s t r i c t e d  by  d i f f i c u l t i e s  i n v o l v e d  i n  d i s p e r s i n g  
t h e  p a r t i c l e s  a d e q u a t e l y  and t h e  c h a n c e s  o f  o b t a i n i n g  
a r e p r e s e n t a t i v e  sample-.  One i s  a l s o  r e s t r i c t e d  b y  
t h e  s m a l l  f r a c t i o n  o f  a sample  t h a t  can be e x a m i n e d .
In  p r a c t i c e ,  i t  was found t h a t  m a t e r i a l s  w h i c h  had n o t
b e e n  b a l l - m i l l e d  c o u l d  be d i s p e r s e d  and s a m p l e s  o f  t h e s e
m a t e r i a l s  showed them t o  ha v e  c r y s t a l l i n e  a p p e a r a n c e s .
A f t e r  m i l l i n g ,  h o w e ve r ,  i t  p r o v e d  v i r t u a l l y  i m p o s s i b l e  
t o  b r e a k  t h e  p a r t i c l e s  down t o ’ i n d i v i d u a l  c r y s t a l l i t e s .  
C o n v e n t i o n a l  e l e c t r o n  m i c r o s c o p y  i s  more u s e f u l  f o r  
d e a l i n g  w i t h  s i z e  r a n g e s  e x p e r i e n c e d  i n  b a l l - m i l l e d  
p a r t i c l e s .  The u s e f u l n e s s  o f  e l e c t r o n  d i f f r a c t i o n  i s  
l i m i t e d  by t h e  p e n e t r a t i o n  o f  t h e  beam and t h e  f a c t  
t h a t  t h e  p a r t i c l e s  t e n d  t o  be s p h e r i c a l .  I t  i s  n o t  
a l w a y s  p o s s i b l e  t o  be c e r t a i n  i f  a - p a r t i c l e  i s  a s i n g l e  
c r y s t a l ,  e ven  t h o u g h  a s i n g l e  c r y s t a l  p a t t e r n  may r e s u l t .  
The beam may n o t  p e n e t r a t e  t h e  e n t i r e  p a r t i c l e  b u t
o n l y  t h e  e dg e  o f  i t .  The most  s u c c e s s f u l  work was t h a t
w i t h  germanium,  where i s o l a t e d  p a r t i c l e s  were  p r o d u c e d
w hi ch  w e re  c omparab l e  i n  s i z e  w i t h  t h e  v a l u e s  d e t e r m i n e d  
by x - r a y  l i n e  b r o a d e n i n g .  E l e c t r o n  d i f f r a c t i o n  p a t t e r n s  
showed s i n g l e  c r y s t a l s  w i t h  d o u b le  s p o t s ,
d)  A n n e a l i n g  e x p e r i m e n t s
The a n n e a l i n g  e x p e r i m e n t s  showed t h a t  any s m a l l  
r i s e  i n  t e m p e r a t u r e  l e d  t o  s t r a i n  r e l i e f .  In  germanium,  
t h e  l o w e s t  m e l t i n g  p o i n t  m a t e r i a l  s tudied*,  t h e r e  was  
q u i t e  a s u b s t a n t i a l  s t r a i n  r e l i e f  a t  2 0 0 ° C o I n  s i l i c o n  
a r e c r y s t a l l i z a t i o n  r e a c t i o n  was n o t e d  a t  around 800°C •
No. a n n e a l i n g ’ e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  d i amond.  
S t r a i n  r e l i e f  c h a r a c t e r i s t i c s  were  s t u d i e d  f o r  t h o s e  
c a r b i d e s  i n  w h i c h  o x i d a t i o n  c o u l d  be p r e v e n t e d .  T h e s e  
were  t a n t a l u m ,  n i o b i u m ,  dimolybdenum and t u n g s t e n  
c a r b i d e s .  T h e s e i h i g h  m e l t i n g  p o i n t  m a t e r i a l s  showed an 
i n c r e a s i n g  s t r a i n  r e l i e f  r a t e  up t o  1 20 0° C.  I n  some 
c a s e s  t h e r e  was e v i d e n c e  o f  r e c r y s t a l l i z a t i o n ,  b u t  
x - r a y  l i n e  b r o a d e n i n g  i s  n o t  s e n s i t i v e  enough t o  p i c k  
up . the  s t a r t  o f  a r e a c t i o n  o f - t h i s  s o r t ,  p a r t i c u l a r l y  
as i t  m e a s u r e s  an a v e r a g e  s t r a i n  v a l u e  t h r o u g h o u t  t h e  
e n t i r e  s p e c i m e n .  S t r a i n  r e l i e f  was g r e a t e r  f o r  i n c r e a s e d  
l e n g t h s  o f  t i m e .  With a l l  t h e  c a r b i d e s ,  a s m a l l  amount  
o f  s t r a i n  was s t i l l  r e t a i n e d  a f t e r  a n n e a l i n g  a t  1A00°C.
I n  t h e  l i m i t e d  a n n e a l i n g  e x p e r i m e n t s  p e r f o r m e d  on t i t a n i u m  
n i t r i d e ,  i t  was f ou nd  t h a t  t h e  m a t e r i a l  b e h a v ed  i n  a 
s i m i l a r  manner t o  t h e  c a r b i d e s .  There  was some s t r a i n
r e l i e f  a t  200°C and an i n c r e a s i n g  amount a s  t h e  
t e m p e r a t u r e  was r a i s e d ,
e )  D i s c u s s i o n
N e a r l y  a l l  t h e  m a t e r i a l s  e xa mi n e d  h e r e  ar e  g e n e r a l l y  
t h o u g h t  o f  as  b e i n g  b r i t t l e  a t  room t e m p e r a t u r e .  T h i s  
p a r t i c u l a r l y  a p p l i e s  t o  b l o c k  s a m p l e s  o f  c a r b i d e s  where  
i t  i s  d i f f i c u l t  t o  i m a g i n e  p l a s t i c  d e f o r m a t i o n  o c c u r r i n g .  
The d i s l o c a t i o n s  have  low m o b i l i t y  and w i t h  a q u i c k  
b u i l d  up o f  l o c a l  s t r e s s  t h e  l a t t i c e  i s  u n a b l e  t o  a b s o r b  
s u f f i c i e n t  e n e r g y  t o  p r e v e n t  c r a c k  p r o p o g a t i o n .  As  
t h e  c r y s t a l  s i z e  i s  r e d u c e d  by d e f o r m a t i o n  t o  b e l o w  
1 000 2., t h e  l a t t i c e  seems  more,  a b l e  t o  a b s o r b  more and  
more s t r a i n  w i t h o u t  c r a c k s  p r o p o g a t i n g .  The - r e a d i n g s  
o b t a i n e d  w i t h  t u n g s t e n  c a r b i d e  show t h a t  t h e r 6  i s  a 
t e n d e n c y  t o  r e a c h . a  s a t u r a t e d  e q u i l i b r i u m  c o n d i t i o n  
b e t w e e n  s t r a i n  and c r y s t a l  s i z e .
With c r y s t a l s  o f  a f ew hu n d r ed  Angs t roms  d i a m e t e r ,  
t h e  s u r f a c e  e n e r g y  i s  so h i g h  t h a t  t h e y  s i n i t e r  t o g e t h e r  
d u r i n g  m i l l i n g  t o  form t h e  s p h e r i c a l  p a r t i c l e s  o b s e r v e d  
w i t h  the  m i c r o s c o p e s .  I t  i s  a l s o  p o s s i b l e  t h a t  b a l l -  
m i l l i n g  r a i s e s  t h e  t e m p e r a t u r e  o f  t h e  s u r f a c e  o f  powder  
p a r t i c l e s  by a f ew hundred d e g r e e s  C e n t i g r a d e .  A l t h o u g h  
n o t  s t r i c t l y  comp a r ab l e  w i t h  b a l l - m i l l i n g ,  T r e n t  has
c a l c u l a t e d -  t h a t  t h e  t e m p e r a t u r e  o f  t o o l  t i p s  can r e a c h
o 78130 0  C d u r i n g  u s e  • At h i g h  t e m p e r a t u r e s ,  t r a n s i t i o n
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28 79m e t a l  c a r b i d e s  become p l a s t i c  , w h i l e  Zaki  has  f ou nd
t h a t  t a n t a l u m  c a r b i d e  a b s o r b e d  more s t r a i n  on m i l l i n g
a t  200°C t h an  a t  room t e m p e r a t u r e *
A n o t h er  p o s s i b l e  e x p l a n a t i o n  f o r  the  l a r g e
amounts  o f  s t r a i n  i n d u c e d  by b a l l - m i l l i n g  i s  t h a t  a l a r g e
p e r c e n t a g e  o f  s h e a r  f o r c e s  are i n v o l v e d ,  compared t o
r5 ' /
t h e  pure  t e n s i l e  f o r c e s . empl oyed  i n  c o n v e n t i o n a l  t e s t i n g .
Northwood has  shown t h a t  • m i c r o s t r a i n s  i n d u c e d  i n t o
l i t h i u m  f l u o r i d e  by b a l l - m i l l i n g  a r e  c o n c e n t r a t e d  i n  .
80t h e  s u r f a c e  l a y e r s  o f  t h e  p a r t i c l e s  . When some o f  t h e  
b a l l - m i l l e d  p a r t i c l e s  w e r e . r e a c t e d  w i t h  d i l u t e  a c i d  t h e  
r e s u l t i n g  p r o f i l e s  showed c o n s i d e r a b l y  r e d u c e d  s t r a i n ,  
b u t  s l i g h t l y  r e d u c e d  c r y s t a l  s i z e .  . .
The work w i t h  t h e  b l o c k  s a m p l e s  o f  t u n g s t e n  
c a r b i d e ^ s h o w e d  t h a t  s t r a i n  can be i n d u c e d  i n t o  t h e  
l a t t i c e  o f  t h i s  m a t e r i a l  e ven  when i t  i s  c o n s t r a i n e d  
by b e i n g  i n  b l o c k  f or m.  An e x t e n s i o n  o f  t h i s  work  
;to . the s t u d y  o f  t h e  wear p r o p e r t i e s  o f  t u n g s t e n  c a r b i d e  
t o o l  t i p s ,  and t o  c o r r e l a t e  t h e  r e s u l t s  o f  m a c h i n i n g  
t e s t s  w i t h  t h e  d e g r e e  o f  l a t t i c e  s t r a i n  m i g h t  p r o v e  
u s e f u l .
The o t h e r  i m p o r t a n t  f i e l d  t h a t  t h i s  work i s  c o n n e c t e d  
w i t h  i s  t h e  s i n t e r i n g  p r o c e s s .  Lewis  and L i n d l e y ^  
have  shown t h a t  i m p ro ve d  s t r e n g t h  can be o b t a i n e d  
a f t e r  s i n t e r i n g  when a l u m i n a  powder i s  p r e - s t r a i n e d
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"by b a l l - m i l l i n g .  -Caking,  and s i n t e r i n g  on a n n e a l i n g ,  
s i m i l a r  t o  t h a t  o b s e r v e d  w i t h  a l u m i n a ,  were  found t o  
o c c u r  w i t h  c a r b i d e s  and n i t r i d e s .  Lampblack was added  
t o  p r e v e n t  t h i s  and a l s o  t o  l i m i t  t h e  d e c a r b u r i z a t i o n ,  
so t h a t  no q u a n t i t a t i v e  e s t i m a t e s  ha v e  be en  made o f  
t h e  e f f e c t s  o f  s i n t e r i n g .  I n  t h e  e a r l y  work i t  was  
n o t i c e d  t h a t  b a l l - m i l l e d  c a r b i d e s  had a g r e a t e r  t e n d e n c y  
t o  cake  t h an  u n m i l l e d  c a r b i d e s .  As c a r b i d e s ,  n i t r i d e s  
and b o r i d e s  a re  n o r m a l l y  f a b r i c a t e d  by powder m e t a l l u r g y ,  
an i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  o f  s t r a i n  a c t i v a t e d  
s i n t e r i n g  o f  t h e s e  m a t e r i a l s  woul d  be an i n t e r e s t i n g  
p r o j e c t  0
f ) Summary o f  t h e  c o n c l u s i o n s
1 .  I n t e r s t i t i a l  c a r b i d e s  a s  m a n u f a c t u r e d  a r e  
o f t e n  n o n - s t o i c h i o m e t r i c  and c o n t a i n  i m p u r i t y  a t o m s .  
L a t t i c e  s t r a i n  and c r y s t a l  s i z e  e f f e c t s  a r e  a l s o  u s u a l l y  
p r e s e n t .
2 .  C a r b i d e s  o f  t h o s e  m e t a l s  w h i c h  o x i d i s e  r e a d i l y  
c an  be p u r i f i e d  by p r e c i p i t a t i o n  from an a u x i l i a r y  m e t a l  
b a t h .  They form as s i n g l e  c r y s t a l s  w i t h  n e a r - p e r f e c t  
l a t t i c e s ,  and a r e  t h e r e f o r e  o f  c o n s i d e r a b l e  t h e o r e t i c a l  
and p r a c t i c a l  i n t e r e s t .
3* B a l l - m i l l i n g  o f  a l l  t h e ■i n t e r s t i t i a l  c a r b i d e s  
g i v e s  r i s e  t o  m i c r o s t r a i n s .  As t h e  s t r a i n  i n c r e a s e s ,  
so  t h e  a v e r a g e  c r y s t a l  s i z e  d e c r e a s e s .
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4* The amount o f  s t r a i n  t h a t  can he i n d u c e d  i s  
t i m e  d e p e n d e n t  and a l s o  d e p e n d e n t  on the  c h a r a c t e r i s t i c s  
o f  t h e  m i l l i n g  v e s s e l .
5 o In c l o s e  p a c k e d  c u b i c  c a r b i d e  s t r u c t u r e s ,  
i n c r e a s e s  i n  l a t t i c e  p a r a m e t e r s  o c c u r  to  accommodate  
t h e  d e f e c t s  f o r me d d u r i n g  t h e  de forma»t i on .
6 .  The amount o f  s t r a i n  i n d u c e d  i n t o  a g i v e n  
s t r u c t u r e  t y p e  was d e p e n d e n t  on t h e  bond s t r e n g t ' h ,  
and was c ompar ab l e  t o  t h a t  o b s e r v e d  i n  f i l e d  m e t a l s .
7 .  The de for me d s t r u c t u r e  i n  some o f  t h e  N a Cl -  
s t r u c t u r e  c a r b i d e s  i s  s i m i l a r  t o  t h a t  p r e v i o u s l y  o b s e r v e d  
i n  o t h e r  NaC1 - s t r u c t u r e  m a t e r i a l s .  .The s t r a i n s  i n  
s p e c i f i c  d i r e c t i o n s  i n  t he  c r y s t a l  a r e  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  v a l u e s  o f  Young’ s m o d u l i  i n  t h o s e  
d i r e c t i o n s .
8 .  Some c a r b i d e s ,  when a n n e a l e d  showed no 
m i c r o s t r a i n s  b u t  g a v e  a s y m m e t r i c  p r o f i l e s  and l i n e  
s p l i t t i n g  as  found i n  d e f e c t  s t r u c t u r e s .
9 .  No e v i d e n c e  f o r  s t a c k i n g . f a u l t s  was f o u n d  i n  
t h e  N a C l - s t r u c t u r e  c a r b i d e s ,  i m p l y i n g  t h a t  t h e s e  
m a t e r i a l s  ha v e  h i g h  s t a c k i n g  f a u l t  e n e r g i e s .
1 0 .  N o n - m e t a l l i c  i m p u r i t y  a toms  p l a y  an i m p o r t a n t  
p a r t  i n  t h e  d e f o r m a t i o n  c h a r a c t e r i s t i c s  o f  t h e  c a r b i d e s  
o f  vanadium,  t i t a n i u m  and z i r c o n i u m .  The p r e s e n c e  o f  
t h e s e  atoms i n h i b i t s  s l i p ^ o n  t h e  ^preferred s l i p  s y s t e m s
m a k i n g  t h e  m a t e r i a l s  more i s o t r o p i c ,  and t h u s  has  an
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i n f l u e n c e  on t h e i r  m e c h a n i c a l  p r o p e r t i e s *
1 1 .  Very c a r e f u l  c o n t r o l  o f  e n v i r o n m e n t a l  c o n d i t i o n s  
i s  r e q u i r e d  f o r  t h e  r e m o v a l  o f  m i c r o s t r a i n s  from  
i n t e r s t i t i a l  compounds*
12« S i n t e r e d  t u n g s t e n  c a r b i d e  can become s t r a i n e d  
u n d er  c e r t a i n  c o n d i t i o n s ,
13 • L a t t i c e  s t r a i n  i s  a normal  c o n d i t i o n  i n  t h e  
s u r f a c e  l a y e r s  o f  t u n g s t e n  c a r b i d e  t o o l s .  T h i s  s t r a i n  
w i l l  v a r y ,  b e i n g  a minimum when a c h i p  i s  b r o k e n  o f f  
and a f r e s h  s u r f a c e  r e v e a l e d ,  '
12f. P l a s t i c  d e f o r m a t i o n  o f  t u n g s t e n  c a r b i d e  i s  
an i m p o r t a n t  f a c t o r  i n  t h e  wear p r o p e r t i e s  o f  t u n g s t e n  
c a r b i d e  t o o l  t i p s ,
... 1 5 .  T i t a n i u m  n i t r i d e  b e h a v e s  s i m i l a r l y  t o  t i t a n i u m  
c a r b i d e  on b a l l - m i l l i n g .  The b o n d i n g  i n  t h e  n i t r i d e  
i s  weaker  t h a n  t h e  c a r b i d e  w i t h  t h e  r e s u l t  t h a t  t h e  
s t r a i n  i n d u c e d  i s  h i g h e r ,
i 6 .  The s t r a i n  i n  t i t a n i u m  n i t r i d e  can be  a n n e a l e d  
ou t  t o  t h e  same d e g r e e  as  c an  t h e  s t r a i n  i n  t h e  N a C l -  
c a r b i d e •
' 1 7 *  B o r i d e s  as  m a n u f a c t u r e d  a r e  a l m o s t  s t r a i n  
f r e e  •
1 8 .  B o r i d e s  o f  3 d i f f e r e n t  c h e m i c a l  f o r m u l a ,  MB'
*
M^B^, and MBg can be s t r a i n e d  by b a l l - m i l l i n g .  The  
bo n d in g  i s  v e r y  s t r o n g .
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1 9 .  Niobium d i b o r i d e  i s  c o n s i d e r a b l y  more a n i s o t r o p i c  
i n  i t s  e l a s t i c  p r o p e r t i e s  than  e i t h e r  t i t a n i u m  or z i r c o n i u m  
d i b o r i d e •
2 0 ,  The G-roup IV e l e m e n t s  as  m a n u f a c t u r e d  a r e  
a l m o s t  s t r a i n  f r e e *
21 • B a l l - m i l l i n g  o f  diamond,-  s i l i c o n  and germanium 
r e s u l t s  i n  t h e s e  m a t e r i a l s  b e c om i ng  s t r a i n e d *
2 2 .  S l i p  o c c u r s  more r e a d i l y ,  i n  diamond a t  20 0°G 
th a n  a t  room t e m p e r a t u r e *
2 3 . '  S t r a i n e d  s i l i c o n  and germanium powders  u n d e r g o  
r e c o v e r y  and r e c r y s t a l l i z a t i o n  r e a c t i o n s  s i m i l a r  to  
t h o s e  o b s e r v e d  i n  c o l d  worked m e t a l s *  . •
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APPENDIX ONE 
METHODS OF ANALYSING- X-RAY LINE BROADENING- DATA
a ) I n t e g r a l  “b r e a d t h  method
Wi t h  f i n i t e  c r y s t a l s ,  a s l i g h t  d e v i a t i o n  f r o m - t h e  
Bragg c o n d i t i o n  w i l l  s t i l l  l e a v e  a r e s u l t a n t '  d i f f r a c t e d  
beam a s  n o t  a l l  t h e  waves  w i l l  c a n c e l  o u t .  By t r e a t i n g  
t h e  c r y s t a l  as  a d i r e c t  a n a l o g y  t o  an o p t i c a l  g r a t i n g  
Laue o b t a i n e d  t h e  e x p r e s s i o n : ^ ^
B = - A K -  + b ,
t c os O 9
where  B i s  t h e  Laue i n t e g r a l  b r e a d t h ,  K i s  t h e
S c h e r r e r  c o n s t a n t ,  t  i s . t h e  t h i c k n e s s  o f  t h e  c r y s t a l
p e r p e n d i c u l a r  t o  t h e  d i f f r a c t i n g  p l a n e s  h k l  and b i s
t h e  i n s t r u m e n t a l  b r o a d e n i n g .  A f t e r  s e p a r a t i o n  o f  t h e
i n s t r u m e n t a l  e f f e c t s :  ‘ .
A K XB = t c o s O  Deo sO ,
where  D i s  t h e  a p p a r e n t  c r y s t a l  s i z e .  D w i l l  d e pe nd
on t h e  shape  o f  t h e  c r y s t a l ,  w h i c h  d e t e r m i n e s  t h e
S c h e r r e r  c o n s t a n t ,  and t h e  u n i f o r m i t y  o f  t h e  s h a p e ,
77w h i c h  m i g h t . b e  r o d - l i k e  or p l a t e - l i k e .  S t o k e s  
s t a t e s  t h a t  t h e  v a l u e s  o f  t h e  S c h e r r e r  c o n s t a n t s  f o r
. J
c u b e s ,  o c t a h e d r a  and s p h e r e s  v a r y  from 1 ..00 t o  1 . 1 6  
f o r  v a r i o u s  r e f l e c t i o n s ,  b u t  a s  t h e  e x p e r i m e n t a l  e r r o r  
i n  m e a s u r i n g  B i s  o f t e n  o v e r  8%, a v a l u e  o f  1 . 0 8  
f o r  K i s  n o t  i n a p p r o p r i a t e .
The e f f e c t  o f  d i s t o r t i o n  o f  t h e  l a t t i c e  p l a n e s
can a l s o  be c a l c u l a t e d .  I f  the s t r a i n  i s  £ ,  t he  
l o c a l  l a t t i c e  s p a c i n g  w i l l  be d( 1 + £•) ,  and i t  
can be shown t h a t  SQ = -£tan-0 .  As t h e  d e v i a t i o n  
o f  the  d i f f r a c t e d  x - r a y  beam I s  2 0 ,  t h e  i n t e g r a l  
b r e a d t h  w i l l  be 2 t a n 0  t i m e s  t h e  s t r a i n :
B = 2 €  t a n O . ;
Two main  p r o b l e m s  r e m a i n :  t h e  s e p a r . a t i o n  o f
t h e  i n s t r u m e n t a l  b r o a d e n i n g  b ,  and t h e  s e p a r a t i o n  
o f  the  s t r a i n  component  o f  B from t h e  c r y s t a l  
s i z e  c ompo nen t .  The s e p a r a t i o n  o f  t h e  i n s t r u m e n t a l  
e f f e c t s  has  b e e n  d e a l t  w i t h  i n  Chapter  Two. One 
o f  t h e  maj or  drawbacks  o f  t h e  I n t e g r a l  b r e a d t h  method  
i s  t h a t  a s s u m p t i o n s  have  t o  be made about  t h e '  
p r o f i l e  shape  i n  o r d e r  t o  f o r m u l a t e  methods  of* 
s e p a r a t i n g  c r y s t a l  s i z e  and s t r a i n  b r o a d e n i n g .
The s i m p l e s t  method was t h a t  a d o p t e d  by H a l l ,  who 
assumed t h a t  t h e  s t r a i n  and c r y s t a l  s i z e  f u n c t i o n s  
were  d i r e c t l y  a d d i t i v e .  He p l o t t e d  a g raph  o f  BcosQ 
a g a i n s t  S i n O / E ^ ^  and o b t a i n e d  a s t r d i n t  . . l i n e  o f  
s l o p e  p r o p o r t i o n a l  t o  B and i n t e r c e p t  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  c r y s t a l  s i z e .  -^h^i i s  . t h e  
v a l u e  o f  Y o u n g ' s  modulus  p e r p e n d i c u l a r  t o  t h e  h k l  
p l a n e  s •
The v a l u e s  f o r  c r y s t a l  s i z e '  o b t a i n e d  by t h i s  me th od  
w e r e  e x t r e m e l y  d e p e n d e n t  on t h e  method o f  s e p a r a t i o n  
o f  i n s t r u m e n t a l  b r o a d e n i n g  e m p l o y e d .  S e v e r a l  a s s u m p t i o n s
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a r e  made i n  t h e  methods  o f  s e p a r a t i o n  u s e d .  T h e s e
h a v e  b e e n  d i s c u s s e d  i n  Chapter'  Two.
S c h o e n i n g ^  i n t r o d u c e d  an e q u a t i o n  wh i c h  g i v e s
r e s u l t s  c l o s e  t o  t h o s e  o b t a i n e d  by F o u r i e r  A n a l y s i s :
A s i m p l i f i e d  v e r s i o n  o f  t h i s  e q u a t i o n  was u s e d  by
A3H a i d e r  and Wagner :
—  = 1 -  ( b V b ) 2
The above  e q u a t i o n  r e p r e s e n t s  a mean f u n c t i o n  i n  
b e t w e e n  Cauchy and G a u s s i a n .  When t h e  f u n c t i o n s  a r e  
b o t h  assumed t o  be G-aussian t h e  s e p a r a t i o n  can b e  
e f f e c t e d  by t h e  e q u a t i o n :
B2 = (BP F ) 2 + ( B ^ ) 2 
Aqua and Wagner have  u s e d  t h i s  e q u a t i o n  wh i c h  a l s o  g i v e s '  
r e s u l t s  q u i t e  c l o s e  t o  t h e  F o u r i e r  met hod .  The f u l l
e x p r e s s i o n  i s :
( B * ) 2 = ( V d ^ ) 2 . + ^ 2 ( d * ) 2
* \ 2 sjt 2By p l o t t i n g  a g raph  o f  (B ) a g a i n s t  ( d  ) , v a l u e s  f o r
PF J PF£ and D^ can be o b t a i n e d .  In  the  t e x t  D^ has  be en
r e f e r r e d  t o  s i m p l y  as  c r y s t a l  s i z e ,  t h ou g h  f a u l t i n g
and t w i n n i n g  a l s o  c o n t r i b u t e  t o  t h e  e x p r e s s i o n ,
b)  F o u r i e r  A n a l y s i s
The Warren method f o r  a n a l y s i n g  l i n e  b r o a d e n i n g
i n  i Q
d a t a  c o n c e n t r a t e s  on t h e  p r o f i l e  shape  and p e a k  p o s i t i o n  9 */• 
A m o d e l  i s  t a k e n  t o  r e p r e s e n t  a c o l d  worked'  m e t a l  and  
t h e  m a t h e m a t i c a l  p r o f i l e  o o r r e s p o n d i n g  t o  t h i s  m o d e l
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i s  d e t e r m i n e d .  The s i m p l e s t  model  f o r  a c o l d  worked  
m e t a l  i s  t h a t  a number o f  s m a l l  s t r a i n e d  d o m a i n s ,  
each o f  whi c h  d i f f r a c t s  c o h e r e n t l y  w i t h i n  t h e  domain:  
b u t  i n c o h e r e n t l y  w i t h  r e s p e c t  t o  a l l  o t h e r  d o m a i n s .  
The power  p e r  u n i t  l e n g t h  o f  d i f f r a c t i o n  l i n e ,
1P c a n  be r e p r e s e n t e d  by t h e  F o u r i e r  s e r i e s :
S t o k e s  c o n v o l u t i o n  method f o r  s e p a r a t i n g  t h e . i n s t r u m e n t a l  
b r o a d e n i n g .
. I f  t h e r e  i s  e q u a l  p r o b a b i l i t y  o f  f i n d i n g  p o s i t i v e  
and n e g a t i v e  v a l u e s  o f  f o r  a g i v e n  v a l u e  o f  n ,  the  
s i n e  c o e f f i c i e n t s  w i l l  be z e r o .  When t h i s  i s  n o t  s o ,  
t h e  r e s u l t  i s  a peak d i s p l a c e m e n t  or a sy mme tr y .
Assuming t h e  p r o f i l e  i s  s y mm e t r i c  and u n d i s p l a c e d ,
t h e  s i g n i f i c a n c e  o f  e ach  c o s i n e  c o e f f i c i e n t  can  be
*0 ,
d e t e r m i n e d  by c o n s i d e r i n g  i t  a s  t h e  p r o d u c t  o f  a c r y s t a l  
s i z e  and f a u l t i n g  c o e f f i c i e n t ,  and a d i s t o r t i o n  c o e f f i c i e n t ,
P = K(3)N}^ { a  cos2nnh- .  + B s in2nnh-A (1 )T^7 «oo n tol ■ j
The c o e f f i c i e n t s  have  t h e  v a l u e s :
/ s i n 2 n l Z  \  n n'
Nn
I n  p r a c t i c e  t h e s e  a r e  t h e  v a l u e s  o b t a i n e d  a f t e r  u s i n g
"tJ XIN i s  t h e  number o f  c e l l s  h a v i n g  an n n e i  
t h e  same co l umn.  ■
i s  t h e  a v e r a g e  number . o f  c e l l s  p e r  column
(3)
( 2 )
g h b o u r  i n
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The c r y s t a l  s i z e  c o e f f i c i e n t  i s  i n d e p e n d e n t  o f
t h e  o r d e r  o f  t h e  r e f l e c t i o n  {00l }  ., , In  p r a c t i c e  t h e
e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  o f  A^ must  be
n o r m a l i s e d  by a f a c t o r  s uch  t h a t  An . = 1 fo-r n = 0 .
Prom ( 2 )  InA ( l )  = lnAPP+ UmA ( l )\ / n v 7 n n v 7
Thus a graph o f  l n -^ n ( l )  as  a f u n c t i o n  o f  1
PFw i l l  g i v e  lnAn f o r  1 = 0 .  ■ I n  o r d e r  t o  e x t r a p o l a t e  
t o  1 = 0 ,  t h e  f u n c t i o n  must  be a s t r a i g h t  l i n e  a t  
low v a l u e s  o f  1 .  When 1 i s  s m a l l  and n i s  s m a l l ,  Z 
i s  s m a l l  so t h a t  ( c o s Z r c l Z ^  can be  e x p a n d e d .
Hence f o r  s m a l l  1 and s m a l l  n
l n A ^ ( l )  = I n (1 -  2n2 l 2^Zn 2 > ) = - 2 n2 l ^ Z ^ 2)*
and InA ( l )  = lnAP:P -  2n2l 2 (z  2 >^ ( 4 )n x 7 n n ■ * x 7
PFBy p l o t t i n g  An a g a i n s t  n ,  t h e  i n i t i a l  s l o p e  g i v e s
t h e  a v e r a g e  column l e n g t h  when e x t r a p o l a t e d  t o
PF •A = 0 .  n
'dA PP ._n  \ = " I
dn I N.
n = 0
The c r y s t a l  s i z e  d i s t r i b u t i o n  i s  o b t a i n e d  from t h e
s e c o n d  d e r i v a t i v e  
, 2 .  P P \d A \ pn 1 = f_n
dn2 )  . .. K3 ■
The s t r a i n  v a l u e s  a r e  fou nd  a s  f o l l o w s .  •
n
S i n c e  i s  t h e  change  i n  l e n g t h  o f  a co lumn
o f  l e n g t h  a^n,  an a v e r a g e  component  o f  s t r a i n  i n
t h e  d i r e c t i o n  o f  t h e  column i s  g i v e n  by £  = (Z ) / n .* n ' n
The e f f e c t s  o f  two t y p e s  o f  s t r a i n  d i s t r i b u t i o n  w i l l  
be c o n s i d e r e d :
Cauchy and G a u s s i a n .
I n  a G a u s s i a n  d i s t r i b u t i o n  i t  can be  shown  
t h a t : 7
. An ( l )  = exp [ - 2 n 2 l 2 ( z n 2)J
w h i l e  f o r  a Cauchy s t r a i n  d i s t r i b u t i o n  i t  c an  be
shown t h a t :
•InA ( 1 )  = InA PF -  2 r r l / a .n v n ' .
For  c u b i c  c r y s t a l s  i n  whi ch  t h e  c r y s t a l  s i z e s  
and s t r a i n s  ar e  i s o t r o p i c  t h e - s t r a i n  c o e f f i c i e n t s  a r e  
as  f o l l o w s :
m >
where  h 2 = h 2 + k 2 + l 2 , AL = a rZ , and a 7/ l  = d = a / h  . o 9 3 n 3 o
For  c o n v e n i e n c e  n i s  r e p l a c e d  by t h e  c o r r e s p o n d i n g  l e n g t h
L = n a ^ • For s m a l l  v a l u e s  o f  L and h Q, e q u a t i o n  ( A)
b e c o m e s :
l n AL( h Q) = l n ALP;F -  2 n 2 h Q2 ^ ( A L ) 2) y a 2 . . . ( 1  6)
2A graph o f  l n A ^ ( h Q) a g a i n s t  h Q w i l l  t h u s  y i e l d
PFt h e  F o u r i e r  c o e f f i c i e n t s  o f  c r y s t a l  s i z e ,  A^ , when
A^  (l)  = ( g o s  2nlZ^ = ^coi
2e x t r a p o l a t e d  t o  hQ = 0 ,  and have  an i n i t i a l  s l o p e  
o f  2 t£  ^ ( A L ) ^ / a ^ *  The me an ’ s q ua r e d  s t r a i n ,  
i s  t he  s t r a i n  normal  t o  t h e  r e f l e c t i n g  p l a n e s ,  
a v e r a g e d  o v e r  t h e  l e n g t h  L a n d  o v e r  a l l  r e g i o n s  i n  
t h e  s a m p l e .  The s t r a i n  can t h e n  he  found from t h e  
r e l a t i o n s h i p :
*
2 tt2 ( ( A L ) ) 2 "= 2tt2 L2 <£2) . •
2 . 2 a a
>.
In  p r a c t i c e  t h e  r o o t  mean s q u a r e  s t r a i n  v a l u e s  
< c 2> 2 f a l l s  w i t h  i n c r e a s i n g  v a l u e s  o f  L and t h e r e  
a r e  two main ways o f  e x p r e s s i n g  t h e  r e s u l t s .  M i k k o l a  
and Cohen‘S ,  qu ot e  t h e  ^ £ ^ 2 v a l u e  a t  a s p e c i f i c  v a l u e  
o f  L, such as  50 With l a r g e  c r y s t a l  s i z e s ' t h i s
p r o c e d u r e  m i gh t  g i v e  m i s l e a d i n g  r e s u l t s  and thfe 
a l t e r n a t i v e  method o f  ' - q u o t i n g ^ ) 2 a v e r a g e d  o v e r
6t h e  e f f e c t i v e  c r y s t a l  s i z e  m i g h t  be more a p p r o p r i a t e  ■
c ) V a r i a n c  e
The v a r i a n c e  o f  a d i f f r a c t i o n  p r o f i l e  i s  d e f i n e d
as :
w ( 2 e )  = ’/ ( «  -  e ^ i C e l a c  
/ i ( e ) a e
t  / e i f e U e  
where  6 = T i t e t a «
For  a s y m m e t r i c a l  p r o f i l e  Q .= 0 and so ■.
T(  y V  '
o ■ .
The i n t e g r a t i o n  i s  o ve r  t h e  e x t e n t  o f  t h e  p r o f i l e
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T o u r n a r i e  d e r i v e d  a r e l a t i o n  b e t w e e n  c r y s t a l  s i z e  and  
t h e  v a r i a n c e  o f  a p r o f i l e  over  a d e l i b e r a t e l y  r e s t r i c t e d  
a n g u l a r  r a n g e .  L a n g f o r d  and W i l s o n ,  by t r u n c a t i n g  
t h e  peak and c h a n g i n g  t h e  l i m i t s  o f  i n t e g r a t i o n ,  have  
b e e n  a b l e  t o  d e t e r m i n e  t h e  b a c kgr oun d  l e v e l  f o r  t h e  
p e a k .  The t h e o r y  was  e x t e n d e d  by W i l s o n  t o  c o v e r  
. s t r a i n  and ’m i s t a k e 1 b r o a d e n i n g *
I t  can  b e  shown t h a t  c r y s t a l  s i z e  g i v e s  r i s e  t o  v a r i a n c e  
v a l u e s  o f :
ffc ( 2 e )  = K X | [ 2 9 )  _ . .
y ~i) 2 n  D cos-© If tv D c o s  6. e e
where i s  t h e  e f f e c t i v e  c r y s t a l  s i z e ,  K i s  a n a l o g o u s
t o  t h e  S c h e r r e r  and L i s  the  t a p e r  c o n s t a n t  i n  W i l s o n ' s
n o m e n c l a t u r e .  For s p h e r i c a l  c r y s t a l s
W ° ( 2 « )  = -y - 4 ^ -2-9-^ - x ' 2rr D c o s  9e
The e f f e c t  o f  s t r a i n  on v a r i a n c e  i s  to  g i v e  r i s e  t o  a 
f a c t o r
A 2 e ) = ^ _ ^ > 2
d
\
Assumi ng  = 0 ,  t h i s  i m p l i f i e s  t o
W ( 2 9 )  = ■2h<K ^ - 
t a n  9
V a r i a n c e  v a l u e s  can be d i r e c t l y ,  so t h a t
W ( 2 9 )  = W°(29)  + W^(29)
Thus W( 29)  co s9 _ 1 = A ^ 2V2 s i n 9 t a n 9
XA29 ~ 0 2^ XA29*2 n  De
c
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A graph o f  W(2Q}cos€  a g a i n s t  s inGtan© w i l l  y i e l d  s t r a i n  
XA2G XA2G
from t h e  s l o p e  o f  t h e  g raph  a n d ‘ c r y s t a l  s i z e  from t h e
i n t e r c e p t ,
d)  Compari son o f  methods
As has  been  n o t e d  i n  t h e  t e x t ,  t h e  r e s u l t s  f o r  
s t r a i n  and c r y s t a l  s i z e  have  d i f f e r e d  a c c o r d i n g  t o  t h e  
method empl oyed  f o r  t h e i r  d e t e r m i n a t i o n .  T h i s  i s  n o t
due t o  e x p e r i m e n t a l  e r r o r s  and can he e x p l a i n e d  hy
,/
c o n s i d e r i n g  t h e  d e f i n i t i o n s  o f  s t r a i n  and c r y s t a l  s i z e
u s e d  i n  t h e  . p a r t i c u l a r  me th o d .
The t r u e  c r y s t a l  s i z e  measured  by F o u r i e r  A n a l y . s i s ,
72D ( h k l ) ,  i s  t h e  a v e r a g e  column l e n g t h  N^.  Wagner shows
t h a t  t h i s  i s  r e l a t e d  t o  t h e  i n t e g r a l  b r e a d t h  c r y s t a l
' • p . " *
s i z e ,  D j , hy t h e  e q u a t i o n
DP = p 3 ( h k l ) ] 2
I D ( h k l )
The s t r a i n  i n t e g r a l  h r e a d t h  i s  g i v e n  hy
£ V
B = X_______
co s©./a ( L ) dL
I f  t h e  s t r a i n s  f o l l o w  a G a u s s i a n  d i s t r i b u t i o n :
A (L)  = e x p [ - 2 n 2L2 ( < 6 ^ ' ) - <^ Iij) 2 ) ( d *)^]
To e v a l u a t e  t h e  a b o v e  e x p o n e n t i a l ,  t h e  e x p r e s s i o n
- ^ x ^ 2 ) i s  as sumed t o  he i n d e p e n d e n t  o f  L a nd  
t h e  s t r a i n  i s  t h a t  meas ured  hy t h e - i n t e g r a l  h r e a d t h
m e t h o d .  In a powder t h e r e  i s  no mean s t r a i n  •
The i n t e g r a l  h r e a d t h  s t r a i n  €. i s  g r e a t e r  than t h e  r o o t
mean s q u a r e d  s t r a i n  a v e r a g e d  o v e r  t h e  measured c r y s t a l
s i z e  D ( h k l ) .  Wagner"^ s t a t e s  t h a t  t h e  i n t e g r a l
h r e a d t h  meas urement  f o r  s t r a i n  i s  a p p r o x i m a t e l y  e q u a l
t o  the  r o o t  mean s q u a r e d  s t r a i n  f o r  L = 0 .
The r e s u l t s  q u o t e d  i n  T a b l e  2 can g e n e r a l l y  he .
e x p l a i n e d  by t h e  same a r g u m e n t s .  The i n t e g r a l  h r e a d t h
$ 2 2
c r y s t a l  s i z e s  (B ) / ( d  ) , w e re  g r e a t e r  t h a n  t h e
F o u r i e r  c r y s t a l  s i z e s ,  n o r m a l l y  hy a f a c t o r  o f  a p p r o x i m a t e l y
2 .  The Cauchy H a l l  method has  b e e n  shown t o  g i v e  good
a g r e e m e n t  w i t h  c r y s t a l  s i z e s  f o r  m a t e r i a l s  w hi c h  ar e  
77u n s t r a i n e d  . When t h e  m a t e r i a l s  a r e  s t r a i n e d - ,  h o w e v e r ,  
t h e  s e p a r a t i o n  o f  c r y s t a l  s i z e  and s t r a i n  e f f e c t s  i s  n o t  
a c c o m p l i s h e d  e a s i l y  i n  t h e  H a l l  me t h o d .  The s t r a i n  m e a s u r e d  
hy t h e  v a r i a n c e  method i s  t h e  same as  t h a t  o b t a i n e d  f rom t h e  
i n t e g r a l  h r e a d t h  m e t h o d .  There  i s  a d i s c r e ^ p a n c y  b e t w e e n  the  
v a l u e s  i n  t h e  ^111^ d i r e c t i o n s ,  h u t  t h i s  i s  most  l i k e l y  due  
t o  e r r o r s  i n  t h e  v a r i a n c e  m e a s u r e m e n t s .  As m e n t i o n e d  hy  
W a g n e r t h e  v a r i a n c e  o f  a peak i s  v e r y  d e p e n d e n t  on t h e  
t a i l s  o f  r e f l e c t i o n s  and i t  i s  i n  t h e s e  a r e a s  t h a t  t h e  . 
measurement  i s  most  d i f f i c u l t .  :
* 2 * 2The i n t e g r a l  h r e a d t h  method  o f  Wagner (B ) / ( d  ) , 
has  been u s e d  f o r  most  o f  t h e  work.  The . r e a s o n  f o r  t h i s  i s  
t h e  s i m p l i c i t y  o f  h a n d l i n g  a l a r g e  amount o f  d a t a  w i t h o u t  
e l a b o r a t e  c o m p u t a t i o n .  The r e s u l t s ,  w h i l e  n o t  b e i n g  a s  
s o p h i s t i c a t e d  as  w i t h  F o u r i e r  A n a l y s i s ,  are  s u i t a b l e  when 
c o m p a r i s o n s  a r e  d e s i r e d .
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APPENDIX TWO
a .  COMPUTER PROGRAM FOR FOURIER METHOD
The prhgram d e s c r i b e d  e v a l u a t e s  t h e  F o u r i e r
S e r i e s  e q u i v a l e n t  t o  t h e  i n s t r u m e n t a l ,  or  a n n e a l e d
p e a k ,  and t h e  b r o a d e n e d  p e a k .  I t  i s  w r i t t e n  i n
50E l l i o t t  503 ALGOL. S t o k e s  c o n v o l u t i o n  method  
i s  u s e d  t o  s e p a r a t e  t h e  e f f e c t s  o f  i n s t r u m e n t a l  
b r o a d e n i n g , . a n d  t h e  c o e f f i c i e n t s  o b t a i n e d  ar e  t h e n  
n o r m a l i s e d  t o  u n i t y .  Most  o f  t h e  s y mb o l s  have  
b e e n  d e f i n e d  i n  C h a p t er  2 ( s e e  F i g .  1 ) .
The o u t p u t  d a t a  i n c l u d e s  t h e  f o l l o w i n g :
A( L ) ~ t h e  c o s i n e  c o e f f i c i e n t s  
B(L)  -  t h e  s i n e  c o e f f i c i e n t s
Gr -  t h e  c o s i n e  c o e f f i c i e n t s  o f  t h e  a n n e a l e d  peak  
Gi -  t h e  s i n e  c o e f f i c i e n t s  o f  t h e  a n n e a l e d  peak  
Hr -  t h e  c o s i n e  c o e f f i c i e n t s  o f  t h e  b r o a d e n e d  peak  
Hi -  t h e  s i n e  c o e f f i c i e n t s  o f  t h e  b r o a d e n e d  p e a k .
The program i s  g i v e n  on t h e  n e x t  page  and t y p i c a l  i n p u t  
and o u t p u t  d a t a  on t h e  f o l l o w i n g  two p a g e s #
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WARREN AVERBACH EOURIER SERIES 
07 003  001 020;
"begin i n t e g e r  a r r a y  I  £1:120}  ;
i n t e g e r  f i r s t  x ,  l a s t  x ,  m, x ,  n ,  y ,  z;  
r e a l  p i 2 ,  g ,  h ,  F r ,  P i ,  p ,  q,  r ,  P r o ,  a ,  b ,  
l a mb da , t h e t a l , t h e t a 2 , A, B , L; 
a r r a y  G-r, G-i , Hr , Hi ftO: 60] ; 
p i 2 := 6 . 2 8 3 1 8 5 3 ;
p r i n t  ££11 ? G - i l l i e s  E b r t e r  07 003 001 020 £ 1 2 ? ? ;
m:=1; i n s t r i n g ( T , m ) : -
m:=1; o ut  s t r i n g ( T , m ) ;
p r i n t  ££12?L(ANGSTROMS) A(L) B(L)  Or
; G-i Hr ' H i £ l 1 ??;
r e a d  y ,  z ,  f i r s t  x ,  l a s t  x ,  lambda,  t h e t a l  , t h e t a 2 ;  .- 
a := l a s t  x -  f i r s t  x ;  
b := a / z ;
f o r  n : =  0 s t e p  1 u n t i l  60 do,
G-r £n] : = G-i[nJ:= Hr [nj : = H i[nJ ::= 0;  
f o r  x : =  f i r s t  .x s t e p  1 u n t i l  l a s t  x do 
b e g i n  r e a d  g ,  h;
f o r  n : =  0 s t e p  1 u n t i l  60 do
b e g i n  Or |Vj := G-r [nl + g * c o s  ( p i 2 * n * x / y  ) ;
G-i [n] : = fri [n] + g * s i n ( p i 2 * n * x / y j  ;
Hr [n] : = Hr [n]+h*co s ( p i 2 * n * x / z   ^;
Hi jn] : = Hi [ n 3 + h * s i n ( p i 2 * n * x / z ) ;
e n d ;
e n d ; . '
f o r  n : =  0 s t e p  1 u n t i l  60 do 
b e g i n  p : =  (G-r [n] *G-r Dr] ) + (G-i [n] *G-i [n] ) ; 
q: = (Hr [n} *G-r [n ] )• + ( H i f n ]  *G-i [n] ) ;
P r ;= q / p ;
i f  n =; 0 t h e n  Fro:  =Pr;
r : =  ( Hi [n] *G-r [n] ) -  (Hr [n] *G-i [n] ) ;
P i ; = r / p  ; 4
A ; = F r / F r o ;
B::= P i / P r o ;
L:=::. n*b *0o5 * l a m b d a / ( s i n ( 0 o 0 1 7 4 5 3 3 * t h e t a 2 )
-  s i n ( 0 „ 01 7 4 5 3 3 * t h e t a l  ) ) ; ; 
p r i n t  £ £ s 3 ? ? , a l i g n e d ( 4 , 2 ) , L , s a m e l i n e , £ £ s 4 ? ? ,  
a l i g n e d ( 1 , 3 ) , A , £ £ s 2 ? ? , B , s c a l e d ( 3 )9 
• £ £ s 2 ? ?  ,G-r [n] ,G-i Cn) ,Hr [jn] , H i  Qj3 ;;
e n d ;
r e s t a r t ;  -r
e n d ;
227
TYPICAL INPUT DATA 
£  G-e, A h r s  M280,  22G R e f l e c t i o n ?
.80 2 AO ,  -41 +33 1 . 5 4
0 1 23 36 0 3
0 1 32 A2 0 3
0 1 A2 A8 0 3
0 1 36 57 0 2
0 1 7A 63 0 2
0 2 82 6 6 0 2
0 2 70 6a 0 2
0 2 38 53 0 2
0 2 23 A3 0 2
0 3 ' 13 3 8 ; 0 2
0 3 9 33 0 2
0 3 6 29 0 2
0 A 3 25 0 1
0. A A 21 0 1
0 A 3 19 0 - 1
0 A 3 17 ■ 0 1
0 5 2 15 0 1
0 5 2 1 A 0 1
0 5 1 13 0 1
1 6 1 1 2 0 1
1 6 1 11 0 1
1 1 0 1 0 . 0 1
1 1 0 10 0 1
1 .8 0 9
1 8 . 0 8
2' 9 0 7 .
2 10 o 7
2 1 2 0 6
3 13 0 6
A 13 0 5
. A 17 0 5
6 19 0 A
7 22 0. A
9 23 0 A
1 2 27 .0 3
17 31 0 .3 ■ 1 •«
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TYPICAL OUTPUT DATA
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b .  COMPUTER PROG-RAM FOR VARIANCE
The p r o f i l e  i s  d i v i d e d  i n t o  e q u a l  d i v i s i o n s  as  f o r
t h e  F o u r i e r  me th o d .  The v a l u e s  o f  t h e  o r d i n a t e s  o f
$
each  o f  t h e s e  d i v i s i o n s  form an a r r a y  I (XI  » The 
c o r r e s p o n d i n g  v a l u e s  o f  20 f i ]  ar e  o b t a i n e d  from  
2 Q [iJ  = -  ( n / 2  + 1 -  i )  x DT , 
where  n i s  t h e  number o f  t h e  s u b d i v i s i o n  and DT i s  t h e  
a n g u l a r  w i d t h  o f  e ach  s u b d i v i s i o n .  The i n t e g r a l s  t o  
be e v a l u a t e d  a r e :
/ I ( 2 e ) d ( 2 6 )
J 26 I ( 2 6 ) a ( 2 « )
and / ( 2 0  -  2 6 > 2 . I ( 2 « ) d ( 2 « )
T7- ?.(/)&( ?.e)
where  20 = J W y t r t e J
Each o f  t h e s e  i n t e g r a l s  i s  e v a l u a t e d  by S i m p s o n ’ s R u l e  
and no a s s u m p t i o n  n e e d  be  made a s  t o  t h e  form o f  1 ( 2 0 ) ,  
In t h e  program IT i s  t h e  a r e a  u n de r  t h e  1 ( 2 0 ) .  
v e r s u s  20 c u r v e ,  W i s  t h e  v a r i a n c e ,  THET I  c o r r e s p o n d s  
t o  2 Q [ i ]  and THET M c o r r e s p o n d s  t o ’ 2 0 ,
The program o u t p u t  s t a t e s  t h e  a r e a  under ,  t h e  c u r v e ,  
t h e  c e n t r e  o f  g r a v i t y  o f  t h e  p e a k ,  2 0 ,  and t h e  v a r i a n c e ®
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VARIANCE LINE BROADENING- ’
b e g i n  r e a l  A, B,  DT, I T,  THETM, W; 
i n t e g e r  i , j , m, n ,  c o u n t ; 
i n t e g e r  a r r a y  T 1 : 1 2 0  ;
r e a l  a r r a y  I ,  X, Y, Z, DIFF2,  THETI [1 ::n] ; ' 
s w i t c h  s s : =L;
•procedure SIMPS ( D , DT,E) ;
a r r a y  D ;
r e a l  DT,E;
beg i n  r e a l  A,B;
A : = B : =0;
f o r  i : =2 s t e p  2 u n t i l  n-1 do 
b e g i n  A:=A+DCil :
- A : =B+D {i+13 I •
e n d ;
' E;DT*( d W  +D M  + 4 * A + 2 B) / 3 ;
e n d :
p r o c e d u r e  XRAY(X,Y,Z) ;  
a r r a y  X , Y , Z ;
b e g i n  f o r  i ;= 1 s t e p  1 u n t i l  n do 
i l l :  : =X [ i ]  * Y f i J ;
- e n d :
j : =0;
r e  ad c o u n t  j 
Lt i j • = j ^ »
m:= 1 ; i n s t r i n g ( T , m ) : •,
m: = 1 ; o u t s t r i n g ( T , m ) ;  *■ 1
r e a d  n;
f o r  i : = .1 s t e p  1 u n t i l  n do
r e a d  I  [ i j  I *
r e a d  DT;
f o r  i : =  1 s t e p  1 u n t i l ' n do’
THETI [XI : = - ( ( n / 2)  + 1 -  I J* DT j
XRAY ( THETI, I , Z ) ; >  '• .
. SIMPS(Z, DT, A );
, SIMPS( I , D T , I T ) ;
. . THETMi +A/IT;  . ■ . N '
f o r  i ;= 1_ s t e p  1 u n t i l  n do
D I F F 2 [ i l ; = ( THETI [ i ]  -THETM)f2; ' ' ': %
XRAY( DIFF 2 , I , Y);
SIMPS( Y,DT, B ) ;
W; = B / l T ;  ,
p r i n t  IT,THETM,W;
i f  j c o un t  t h e n  go t o  L ;
■ e n d :
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LATTICE STRAIN IN TUNGSTEN CARBIDE*
B y  D . C. G IL L IE S f  a n d  D . L E W I S f  
A b s t r a c t
X -ra y -d if f ra c tio n  m e a su re m e n ts  h a v e  sh o w n  t h a t  b a ll-m illin g  o f  tu n g s te n  
c a rb id e  p o w d e r g iv es  r ise  to  co n sid e rab le  lin e  b ro a d e n in g . A n a ly sis  o f 
th is  b ro a d e n in g  b y  in te g ra l-b re a d th  a n d  F o u r ie r  m e th o d s  in d ic a te s  t h a t  
th e  m a in  cau se  o f  th e  b ro a d e n in g  is  la t t ic e  m ic ro s tra in s . X - ra y  s tu d ie s  
h a v e  b e en  m a d e  on  tu n g s te n  c a rb id e  p o w d ers, s in te re d  b lo ck s, a n d  to o l t ip s  
w ith  c o b a l t  b in d in g , to  d e te rm in e  ho w  th is  s t r a in  v a rie s  a t  d iffe re n t 
s tag e s  o f  t r e a tm e n t  o f  th e  m a te r ia l .  I t  w as  fo u n d  t h a t ,  a f te r  s in te r in g , 
th e  tu n g s te n  c a rb id e  w a s  s tra in -free , b u t  d ia m o n d  p o lish in g  a n d  m e c h a n i­
ca l w o rk  in d u c e d  s tra in  in  th e  su rface  la y e rs .
I.— I n t r o d u c t i o n
I t  has recently been shown that the ball-milling of hard and brittle 
materials, such as alumina, may induce considerable lattice strain.1 
This strain affects their physical and chemical behaviour—for example, 
by activating the sintering process.2 It is well established that lattice 
deformation in metals will increase their hardness. Lattice damage and 
strain in diamonds due to neutron irradiation affects their cleavage, 
hardness, and rate of wear.3 Recent work has established that lattice 
deformation is readily produced in many carbides by ball-milling4 and, 
as tungsten carbide is usually ball-milled before sintering, it is important 
to know how much strain is induced by this process, and how much is 
retained after sintering or caused by further working or polishing.
Rotary ball-milling of carbide/cobalt mixtures reduces the particle 
size to ~  1 gm. Further ball-milling results in the cobalt transforming 
to the hexagonal phase and becoming strained.5 The tungsten carbide 
lattice also becomes strained, particularly if the ball-milling is performed 
dry. Considerable strain can be induced in the lattice by dry vibratory 
ball-milling of a small amount of material. Trent6 has shown that it is 
possible for the surface temperatures of tungsten carbide tool tips to be 
as high as 1300°C. At this level one might expect the lattice to be 
more plastic than it is at room temperature and able to take up or 
release lattice strain.
It was therefore decided to determine the amount of strain induced in
* M a n u s c r ip t re c e iv ed  14 N o v e m b e r 1967; in  re v ised  fo rm  12 F e b r u a r y  1968.
f  C ry s ta llo g ra p h y  S ec tio n , U n iv e rs ity  o f  S u rre y , G u ild fo rd , S u r re y .
P O W D E R  METALLURGY, 1968, V ol. I I ,  N o . 22
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ungsten carbide by ball-milling and by tbe mechanical deformation of 
ool tips. The release of strain by annealing was studied to examine 
ow far the strain might be.relieved by heat during use. The amount 
f  strain in as-sintered and chipped tool tips has also been estimated.
II.—E xperim ental  D etails
Dry ball-milling of tungsten carbide powders was carried out in a 
ungsten carbide pot using a Glen Creston M280 mixer mill and a 10-g 
harge. The action of the mill was vibratory; the cobalt-bonded 
ungsten carbide vessel measured 2 in. in dia. x  2 in. in height. Two 
|-in.-dia. tungsten carbide balls were employed and times of 1, 2, 4,
, 16 h were selected. Spectrographic analysis was performed on 
he milled powders. All powder samples were examined by X-ray 
iffractometry with a Philips PW 1050 instrument. Ni-filtered Cu 
adiation was used. Slow scanning speeds of |  and \  deg/min were 
hosen for the determination of X-ray line-broadening data. The an- 
ealing characteristics of the material were determined for a 16-h 
eriod at temperatures up to 1400°C. Above 400°C the annealing was 
arried out under argon and in the presence of lampblack to prevent 
ecarburization and the formation of, lower carbides. Instrumental 
'ne breadths were determined from a sample annealed at 1700°C. 
amples containing 10% cobalt were milled for the same time and, 
dditionally, tungsten carbide powder was milled in a Perspex pot with 
erspex balls.
For the examination of tool tips, the back-reflection film method was 
mployed. A special circular-section camera covering Bragg angles 9 
60° was constructed, so that the film results could be made quanti- 
ative. Iron-filtered Co X-radiation was used. Microphotometer 
races were made from the films by means of a Joyce-Loebl microdensi- 
ometer. For calibration purposes some of the powders previously 
xamined on the diffractometer were also photographed in the back- 
eflection camera.
Two tool tips were studied. On the first of these, which was brand- 
ew, an exposure was made from the diamond-polished surface. Two 
-ray photographs were taken from the other tip. These were of a 
ell-used surface and of a surface newly exposed by hammering a chip 
rom the end of the tool. The chip was mounted in plastic and rotated 
the X-ray beam.
The two principal techniques of X-ray line-broadening analysis are 
he Fourier method of Warren and Averbach7 and the integral-breadth 
ethods.8,9 Both these were used to interpret the X-ray-diffracto- 
eter profiles obtained. In each case the Rachinger method was
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applied to separate out the a\ and components of the X-ray beam 
Integral-breadth measurements (/?) were made on the X-ray line pro 
files, the background being assumed linear across the peaks. Th 
graphical method of Wagner was applied to separate the component 
of broadening due to crystal size and strain. Wagner uses the relation 
ship
(j8*)2 =  ^ 2+ 1 6 e 2 sin20/A2
to separate the effects of a crystal size D  and a strain e. A graph i 
plotted of (jS*)2 =  (]8cos0/A)2 against (d*)2 =  (2sind/A)2, where jS is th 
integral breadth in radians. Instrumental broadening has bee 
subtracted by using the equation recommended by Wagner9
c* _  o* $*t)2
P s = p
where fi*s — broadening due to the specimen.
=  total measured broadening.
/3*/ =  instrumental effect.
The instrumental broadening was found from a well-annealed sample o 
tungsten carbide that was assumed to be strain-free and of infinit 
crystal size.
The other method of profile analysis, due to Warren and Averbach 
concentrates on the shape of the profiles. The Fourier coefficients o 
the worked and annealed profiles are first determined and then the latte 
are extracted by the convolution method of Stokes.7 An Elliott 50 
computer was used for this work. The resulting cosine coefficients A 
consist of two components, A l p f , due to crystal size and faulting an 
independent of the order of reflection, and also a strain componen 
that varies with the order of reflection. These are related by the equa 
tion
1 ^  ^ A  2 7 T 2 < € 2 > £ 2In A l  =  In A lp f  -----d2
where A l  are the measured coefficients and A l p f  are the crystal-siz 
and faulting coefficients. <e2) 4 is the root-mean-square strain average 
out over a distance L  normal to the reflecting planes of interplana 
spacing d. For a hexagonal material, such as tungsten carbide, 
graph of In A l  vs. 1/d2 for various values of L  will have intercepts o 
In A l  and slopes of — 27t2<(e2) i 2. The values of Ax, for each reflectio 
are interpolated from graphs of Ax, vs. L. The variation of strain <(e2> 
averaged out over distances L  can then be plotted against L. Finall
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the crystal size can be determined by plotting the corrected crystal- 
size coefficients A l p f  vs. L  and extrapolating to the zero value of A l p f , 
when the value of L  is the effective crystal size in that direction.
III.— R esults
1. Tungsten Carbide Powder
The material was Murex sub-micron-grade powder. The profiles 
in the as-received condition showed a small amount of broadening 
compared with a sample annealed at 1700°C. This was due to residual 
strain. Wagner excess-broadening curves for the milled materials are 
given in Fig. 1. These show that the strain increases progressively
650
X 350
250
+  10% Co
Fig. 1.—Wagner plots for tungsten carbide milled for various times. The strain 
is obtained from the slopes of the curves and the crystal size from the intercept.
with milling time and even after 16 h was still increasing. Only those 
X-ray reflections that were sufficiently isolated have been plotted. The 
scatter of points about a straight line, which has been called a deviation
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pattern , m ay result from two causes: (i) the non-isotropic properties 
of the crystal give rise to different values of Young’s modulus in different 
directions in the crystal, and (ii) stacking faults broaden some reflections 
more than  others. In  tungsten carbide the main deviations are due to 
a sharp 001 reflection and a broad 201 reflection. All measurements 
have been made from the multiple-order 100-300 reflections on the W ag­
ner plot (Fig. 1). W agner9 has shown th a t the crystal-size values 
thus obtained are double those resulting from Fourier analysis.
I t  is difficult to measure line breadths accurately w ith very broad 
reflections. Thus, it is best not to  attach  too much im portance to the 
absolute values of strain  for the 16-h milled m aterial. In  Fig. 1 it  can 
be seen th a t the 100 reflection appears broader than  might be expected. 
This gives rise to  a very small crystal-size value bu t a strain  value no 
greater than  the 8-h milled time. The curve has been reproduced here 
to illustrate the enormous am ount of line broadening involved. Powder 
photographs of some of the materials are shown in Fig. 2. These were 
taken in Co radiation to illustrate the effect of ball-milling on the reso­
lution of the a ia .2 doublet of the 211 reflection a t high angles. Spectro- 
graphic analysis confirmed th a t there was no pick-up of cobalt from the 
m aterial of the pot.
F i g . 2 . — P o w d e r  p h o t o g r a p h s  o f  t u n g s t e n  c a r b i d e  s h o w i n g  l a t t i c e  s t r a i n  p r o d u c e  
b y  b a l l - m i l l i n g .  T h e  p r e s e n c e  o f  l a t t i c e  s t r a i n  i s  c l e a r l y  r e v e a l e d  b y  t h e  d i f f u s e n e  
o f  t h e  s t r o n g  b a c k - r e f l e c t i o n  d o u b l e t  ( 2 1 1 )  ( i n d i c a t e d  b y  a n  a r r o w ) .
(a)  A s rece iv ed ; s tra in -free . (c) B all-m illed  fo r  1 h .
(b) B all-m illed  fo r I h  (d)  B all-m illed  fo r 2  h.
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Fig. 3 shows the build-up of strain and the reduction in crystal size 
achieved by hall-milling. A logarithmic time scale has been used to 
demonstrate that the strain induced does not become saturated until 
a considerable milling time has elapsed. To allow for difficulties in
2000 0-010
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Fig. 3.—Crystal size and strain for milled tungsten carbide, obtained from W agner
plots.
measuring greatly broadened reflections and then calculating the slope 
of a line from two points, a 5% error factor has been introduced. The 
curve reflects more realistically the properties of the powder that had 
been milled for 16 h. In this case the exceptionally broad 100 reflection 
(see Fig. 1) has given rise to a lower strain value and a very much 
lower crystal-size value. The crystal-size value of 95 A is one half that 
found after milling for 8 h, while the strain is about the same. The 
eventual strain saturation value would seem to be ~  0 -010 , while the 
crystal size is tending to level off at ~ 1 5 0  A. It should be mentioned 
that these values apply only to milling in this particular pot and with 
the stated amount of sample. Different saturation strains and ultimate 
crystal sizes would be obtained under different experimental conditions.
Mixtures containing 10% cobalt were also milled, and the 4-h milling­
time results have been plotted in Fig. 1 . Generally, the scatter of 
points was greater than with the purer material, but this may have been 
due to the fluorescent effect of the cobalt making it more difficult to 
determine the position of the background accurately. No obvious 
differences were noted from the sample milled without cobalt. The 
deviation patterns were similar and the amount of strain induced was 
of the same order.
The effect of milling tungsten carbide for 100 h in a Perspex pot with
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Perspex balls was also investigated. The Perspex pot was smaller than 
the tungsten carbide pot, being lin . in dia. x 2 in. long. Three J-in.-dia. 
Perspex balls were used in the Glen Creston M280 mill. Milling for 
100 h in Perspex produced similar effects to milling in tungsten carbide 
for ~  1-| h. Ball-milling in acetone for 4 h in the tungsten carbide pot 
did not produce any excess line broadening at all.
Several sets of data were analysed by the Fourier method. Even 
with the aid of the computer there was no obvious saving in time over 
the integral-breadth method, after ordinates had been punched and all 
the relevant graphs plotted. The values were lower than those obtained 
by the integral-breadth method for both strain and crystal-size measure­
ments. This is in accordance with the theory explaining the different 
parameters being measured.9 To quote an example, the 2-h milled 
sample gave a strain of 0-0032 and a crystal size of 210 A when measured 
by the integral-breadth method, and values of 0-0021 and 100 A when 
measured by the Fourier method. As the results of the two methods 
were generally of the same order of magnitude—and relative changes, 
not absolute values, were required—it was decided to employ the more 
convenient integral-breadth method of Wagner throughout and to use 
the Fourier method as a check on the Wagner values.
The application of high temperature to the ball-milled tungsten 
carbide powder effected a sharpening of the diffraction lines. There was, 
however, a tendency to decarburization, even when the annealing treat­
ments were performed under argon. Decarburization resulted in 
asymmetric profiles, but these tendencies could be suppressed by mixing 
the powder with lampblack before annealing. This also prevented the 
formation of the lower carbide, W2C. Fig. 4 shows the effects produced 
by annealing for 16 h with lampblack, tungsten carbide powder pre­
viously milled for 2 h. Below 400°C only a small amount of strain 
was released. The amount of strain relieved increased gradually 
between 400 and 1000°C. Between 1000 and 1200°C the majority of 
the strain was relieved in a manner similar to the annealing of a pure 
metal. It  was noticeable that even after annealing for 16 h at 1400°C, 
some strain was still retained. The crystal-size measurements increased 
gradually from an initial value of 250 to 700 A after annealing at 1400°C.
It has already been established that micro-strains promote the sin­
tering of materials such as alumina at lower temperatures than strain- 
free materials.2 It may, therefore, be possible to obtain diffusion of 
cobalt and other substances into the lattice of strained tungsten carbide 
at temperatures up to 1200°C, on a greater scale than with the unstrained 
material. This temperature may also be associated with the initiation 
of strain relief and rapid grain growth in powders and block specimens, 
with a corresponding change in physical properties.
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Fig. 4 .—Curves showing changes in crystal size and lattice strain produced in 
strained tungsten carbide by annealing for 16 h.
2. Tungsten Carbide Tool T ips
Two tungsten carbide-cobalt alloy tools (94 % WC, 6% Co) were used 
in tbis work, as described earlier. Tbe first of these was examined in tbe 
unused condition to determine tbe state of tbe lattice in tbe polished 
surface layers. Back-reflection Co X-radiation photographs gave tbe 
211 and 202 reflections. The unused tool tip film was examined by 
microdensitometry. It was shown that the broadening was the equiva­
lent of that observed with between \  and 1 h ball-milling of the powder, 
giving a value of lattice strain of ~  0-0027. A well-worn tool that had 
been much used for machining steel was then examined. The original 
surface gave broader lines, similar to the 4-h milled specimen. This 
would amount to ~  0-006 strain. A newly exposed surface gave a 
spotty pattern unless the specimen was rotated. This indicated that 
the crystals had not been broken down, as was the case with the other 
two worked specimens. When rotated, however, the specimen gave 
sharp reflections indicating that the material was almost strain-free. 
Some residual strain is bound to be present in the lattice owing to the 
difference between the expansion coefficients of cobalt and tungsten 
carbide.
Microhardness tests were performed on the worn tool and the newly 
exposed surface with a Leitz Miniload microhardness tester. The 
uneven nature of the newly exposed surface made it impossible to  
determine the hardness with sufficient accuracy to compare it with the 
worked surface. As the deformation is thought to be a surface effect 
with a depth of a few hundred Angstroms, a special scratch hardness 
tester needs to be developed to correlate hardness and lattice-strain 
measurements.
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3. Tungsten Carbide Blocks
Similar results were obtained with the tungsten carbide end-caps of 
the ball-mill. The reverse side of the end cap, which had not been 
polished or worked, was almost strain-free and exhibited a spotty 
pattern. The worked side had been subjected to several hundred 
hours’ milling with tungsten carbide balls. The pattern showed 
diffuse but continuous rings, and was very similar to that from the 
worked tungsten carbide tool tip. The amount of strain was also 
similar.
IY.—D iscussion
X-ray line broadening of brittle materials, such as oxides and car­
bides, due to strain has been widely reported. In 1957 Hendus et 
al.10 measured lattice strain in tungsten carbide powders, prepared by 
different methods and milled for various times. Compacts of varying 
hardnesses were produced from starting materials of different particle 
sizes and strains. The mechanism of deformation of tungsten carbide 
has been investigated by Takahashi and Freise,11 who analysed the 
traces of slip lines seen adjacent to hardness-test indentations as: 
{1100} <0001) and {1100} <1120). Thus, there is considerable evidence 
for plastic deformation of tungsten carbide at room temperature.
The object of the present work was to discover to what extent the 
tungsten carbide lattice could be deformed. Previous work on oxides 
has shown that ball-milling induces considerable strain in alumina and 
thoria. The strains induced by vibratory ball-milling of small quan­
tities of tungsten carbide were larger than those obtained by Hendus 
et al. Interpreting the data by the Hall method, they obtained a strain 
value of 0-0047 after 400 h milling. This compares with 0-0046 ob­
tained in the present work, when the results from the 4-h milled specimen 
are interpreted by their method. Aqua and Wagner recorded a value 
of 0-0022 for filed tungsten .12
In the past, line broadening in tungsten carbide has been attributed 
to cobalt penetrating the surface layers of the carbide. To check on 
this, milling in the presence of cobalt was performed. As can be seen 
from Fig. 1, there were no obvious differences from the pure carbide 
milled samples. Ball-milling of tungsten carbide in Perspex also gave 
rise to strain in the carbide crystals, thus demonstrating that the pre­
sence of cobalt is not essential to cause lattice strain during milling. The 
annealing curve has a form very like that of a pure metal, with some 
relief of strain before recrystallization.
Most of the work on tungsten carbide-cobalt tool tips has concen­
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trated on the type of wear known as cratering. Trent6 has described 
experiments which demonstrate that temperatures up to 1300°C may 
be generated, to give rise to this effect. At high temperatures more 
slip systems, such as those on basal planes, would be active, and hence 
the material would be much more plastic. Thus, it would be possible 
for a brittle material embedded in a matrix of a softer metal to become 
strained. This is what happens in the case of tungsten carbide grains 
surrounded by a cobalt skeleton. The carbide in the original compact 
is strain-free, but the final shaping of it induces so much strain in the 
carbide lattice near the surface that some of the X-ray reflections dis­
appear. On using the tip, the strain is retained and may even be in­
creased. In the case of powders it is more difficult to assess the reasons 
for the high build-up of strain. It is possible that the impact and 
friction involved in ball-milling are sufficient to raise the temperature 
of the surface of the powder particle quite considerably. After plastic 
deformation has occurred the heat would be dissipated throughout the 
rest of the particle quickly, thus producing a quenching effect. Any 
strain would thus be retained when the particle reached room tempera­
ture.
The chipping of pieces from the edge of the tool is another type of 
wear. When this happens the newly revealed surface is comparatively 
strain-free, though upon use it soon attains characteristics similar to 
the rest of the tool surface.
Y.— Conclusions
Tungsten carbide, in the form of powder or as sintered blocks with 
cobalt bonding, may be made to give considerable X-ray line broadening 
by mechanical deformation.
Analysis of this broadening by integral-breadth and Fourier methods 
indicates that the main cause is lattice microstrains. This strain may 
be relieved by annealing between 1000 and 1200°C and the relief is 
accompanied by an increase in crystal size.
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STRAIN IN  METAL CARBIDES
D . C. G I L L I E S  a n d  D . L E W I S
Crystallography Section, University of Surrey, London (Gt. B ritain) 
(R e c e iv e d  D e c e m b e r  2 4 t h ,  1 9 6 6 )
SUMMARY
X -ray line broadening measurements have recently shown that ionic materials, 
snch as alkali halides and m etal oxides, m ay be heavily strained by ball-milling.This 
work has now been extended to some compounds containing atoms ip interstitial 
sites. Those studied included some of the carbides of Ti, Zr, Ta, V, Nb, Mo and W. 
Ball-milling produced strain comparable to that observed after ball-milling the parent 
m etal. In  certain circumstances the strain can be removed b y  annealing. The induced  
strain has been compared with the free energy of formation as a parameter of bond 
strength. The presence of oxygen in the lattice causes some carbides to lose cubic 
sym m etry and to deform more isotropically. Changes in lattice parameter were 
observed.
INTRODUCTION
Strains have been measured by X -ray line broadening in cold-worked m etals, 
halides and oxides1-2. The strain induced by ball-milling has been shown to have an 
effect on the sintering characteristics of oxides3. In the present work some of the 
interstitial carbides of Group IV and V m etals were ball-milled in order to determine 
the effects of mechanical strain on the material. Properties of interest exam ined  
included the amount and mode of deformation, and the annealing characteristics.
EXPERIMENTAL METHOD
The carbides used were powders of commercial grade supplied b y  Murex 
Limited and Koch Light Laboratories Limited. Each m aterial was exam ined in the 
as-received condition b y standard X -ray diffractometry techniques. A Philips X -ray  
diffractometer was used to record X -ray profiles using filtered copper K  radiation. 
Rachinger’s m ethod was used to separate the Ktx 1 and Kot2 doublets4. Integral breadth  
measurements were carried out, the background being assumed linear across the 
peaks. Analysis of the profiles was carried out using the m ethod of H all and W illiam ­
son in  which (5* (=/?cos0/A) is p lotted against d* ( =  2sin0/A)5. Instrum ental broaden­
ing was determined using lanthanum  hexaboride as a standard. This m aterial was 
chosen as it gave exceptionally sharp profiles, and could therefore be assumed to be
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strain free. It  also had the advantage that, being prim itive cubic, it gave m any  
conveniently spaced lines. This enabled allowances to be made for instrumental 
broadening differences at the angles where slit changes were made. Instrum ental 
broadening can be subtracted from total broadening b y  assuming a definite shape 
for the profile. The two m ost frequently assumed shapes have Cauchy and Gaussian 
intensity distributions. In the Cauchy distribution {3 t * = ( 3i * + ( 3 s *  and in the Gaussian 
{/3 t * ) 2 =  ({$i *)  2 +  {{3 s * ) 2, where / 3 r *  — the total broadening observed, /?/* =  the instrumen­
tal broadening and [ 3 s *  =  the broadening due to the specimen alone. W hen small 
crystal size is the main cause of broadening, the profile shape has a Cauchy distri­
bution, and the intercept of the { 3 s *  { d *  graph on the {3 s *  axis depends inversely on 
the crystal size. If the broadening is m ainly due to strain the profile is nearer to 
being Gaussian in shape, the slope of the graph giving a measure of the strain6. 
Both shapes were assumed in turn and it was found that the intercepts w ith the 
Cauchy graphs were small, indicating that the broadening was m ainly due to strain. 
Because of this, only the Gaussian graphs have been reproduced here.
Deform ation was carried out by dry, vibratory ballmilling. Each material 
was milled for 4 h in a small m ixer mill supplied by Glen Creston. The vessel used 
consisted of tungsten carbide end-caps and ball, and a “lucite” lining. The capacity  
of the vessel was approxim ately 7 ml and one ball of 3 /8  in. diam. was used. The 
charge in each case was 1 ml.
Further exam inations of the line profiles were made after milling to measure 
any broadening induced. In the case of VC only the low angle lines could be studied, 
due to the high background caused b y  fluorescence, combined w ith extrem ely broad 
lines in the back reflection region.
WC, M02C, TaC and NbC were annealed by m ixing them  intim ately with  
lamp black and heating in a tube furnace through which argon was flowing. It was 
found that when excess lamp black was present, no new phases of lower carbon 
content were formed. W hen M02C was annealed below i 4oo°C, no higher carbides 
were formed. After annealing, the profiles were re-examined.
A ttem pts were made to anneal the milled TiC, VC and ZrC powders by the 
same m ethod. It was found that even w ith equal volumes of lamp black and powder, 
the resultant profiles became asymmetric, although they  did sharpen.
Lattice parameters were calculated from the resolved Koc 1 peak positions on 
the diffractometer traces. The values quoted in Table I were obtained b y  plotting  
calculated parameters against cos20 and extrapolating to zero.
As an alternative milling m aterial to tungsten carbide containing cobalt as a 
binder, ball-milling was also carried out using a perspex vessel w ith four perspex 
balls.
The m etals Ta, Mo and W were also milled for 4  h in the tungsten carbide 
pot and their profiles examined."
RESULTS
The line profiles in all cases showed broadening in the as-received condition. 
For W, Ta, Mo and Nb carbides the peaks were sym metrical and /3 * { d * graphs showed 
that the broadening was due to a small amount of residual strain. W ith the carbides 
of V, and Ti, the profiles were of a com plex shape which could not be accounted for
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b y a sym m etrically broadened copper Koa[Koi2 doublet, and certain reflections 
showed at least two peaks. The Murex sample of ZrC gave rise to broadened peaks 
which could be measured and the results showed that the broadening was due to  
residual strain. The Koch Light ZrC gave complex profile shapes which were impossible 
to measure, and also showed graphite lines.
In all the carbides exam ined, ball-milling caused an increase in lattice para­
meter (see Table I). It was found that ball-milling of ZrC, VC and TiC for four hours 
gave rise to so much line broadening that any small initial asym metric shape was 
swamped. Consequently it was possible to evaluate the integral breadths in the 
usual way. Several of the carbides showed the familiar scatter of points on the 
P*/d* graph known as a deviation pattern7 (Fig. i) ,  which is an indication of the 
variation of strain in different directions within the lattice. The m ost suitable 
straight lines were fitted  to the points and their slopes taken as the strain. The 
“NaCl” structure carbides show significant differences in line breadths am ongst 
them selves, characterized by the amount of strain and the deviation pattern.
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Fig. i. Deformation of f.c.c. carbides after 4 h ball-milling in a tungsten carbide pot.
F ig . 2 . G r a p h  s h o w in g  s t r a in  in d u c e d  b y  m il l in g  a s  a  f u n c t io n  o f  b o n d  s t r e n g th .
The amount of strain induced by ball-milling for a given tim e can be related  
to the bond strength. A  graph was plotted of free energy of formation at room  
temperature against strain (Fig. 2). This shows that the lower the numerical value 
for AG( — ve), the greater the am ount of strain that can be induced under the standard  
milling conditions. This agrees w ith the findings of L ew is  a n d  L in d l e y 2 for oxides. 
The Group IV carbides TiC and ZrC have high negative AG values and it was found 
that the amount of strain that could be induced was sm all compared w ith the other 
carbides. The Group V carbides have a lower value for AG and it was found that a 
correspondingly greater strain was induced in them.
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The ft* vs. d* plots for ZrC, VC and TiC showed very little deviation from a 
straight line, while those for TaC and NbC had very pronounced deviation patterns 
w ith much more strain in the < (m >  directions than in the <Too> directions. This 
pattern is common to the alkali halides and ionic oxides of the same structure, and 
is the converse of that for the f.c.c. m etals.
B oth of the carbides of the Group VI m etals, tungsten (WC) and m olybdenum  
(M02C) are hexagonal. They became highly strained on milling, this being compatible 
with their lower AG values. The patterns for both these materials showed some 
deviation from a straight line. Due to overlapping of the reflections not all the profiles 
were studied.
Strain relief characteristics were investigated in  detail for ball milled NbC 
and are plotted in Fig. 3 . After two hours annealing in argon at 200°C, a small
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F ig . 3 . S t r a i n  re l ie f  c u rv e  fo r  2  h  a n n e a ls  o f  N b C  m ille d  fo r  4  h .
am ount of strain relief took place. There was very little further sharpening of refle 
tions below 6oo°C, however. A t higher temperatures the strain was progressively  
removed although there was still a small amount remaining after annealing at I4 0 0°C. 
The process of strain relief was similar to that normally observed during the recovery  
and recrystallization of m etals. The lattice parameters of the carbides decreased on 
annealing.
Some of the parent m etals were ball-milled under the sam e conditions as the 
carbides. The strains induced were of the same order of m agnitude as the carbides, 
and comparable with those quoted for filing (Table I).
Ball-milling of the carbides in perspex pots gave rise to strain, but the am ount 
was less than that produced b y  milling in the tungsten carbide pot for the sam e time.
The lattice parameters of the carbides increased on milling, but there was no 
appreciable change in the lattice parameters of the m etals.This could be related to  
the closer packing of the carbides.
DISCUSSION OF RESULTS
Interstitial carbides are rarely stoichiometric. Those w ith the f.c.c. structure 
are often saturated w ith carbon, when their formulae are MCi-a;(^ =  0- 0 .3 ). T hey  
are also very prone to penetration b y oxygen and nitrogen atoms. Carbides which
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are substantially oxygen free have been prepared by precipitation from a liquid-metal 
bath, the m etal then being dissolved away b y  acid8. In the case of ZrC it has been  
shown that the pure carbide can form an isolated phase accompanied b y  a m ixed  
Zr(C,N,0) phase of slightly smaller lattice parameter. On annealing, the two combine 
to form a single phase of interm ediate lattice parameter. This is com patible with  
the results obtained here. The ZrC sample from Koch Light had profiles w ith double 
peaks which could be interpreted as two phases of similar lattice parameters. The 
ZrC sample from Murex was single phase. Two other carbides, those of Ti and V, 
had non-cubic lattices. The shapes of the line profiles indicated that VC, like the ZrC, 
consisted of two phases of similar lattice parameters. The TiC showed asymmetrical 
broadening before milling.
The presence of im purity atoms in VC, TiC and ZrC could thus be inferred 
from the following facts. Firstly, it was im possible to anneal these carbides in lamp 
black without introducing some slight asym m etry into their profiles. This could be 
caused by decarburization. Despite this asym m etry, the profiles became less broad 
on annealing, indicating that some relief of strain had occurred. Secondly, the three 
as-received carbides showed profiles of com plex shape. This is in agreement with the 
findings of Storm s9, who m entions that TiC always contains oxygen, and with  
K ie f f e r  et a l 8, who have found m ultiple phases present in f.c.c. carbides containing 
oxygen. For TiC, VC and ZrC the f}*/d* curves were approxim ately straight lines. 
This is evidence that slip is not strongly directional. Thus the fact that the carbides 
of Zr, Ti and V are readily penetrated b y atoms of oxygen and nitrogen has two  
effects. Firstly the cubic sym m etry is destroyed, and secondly the deformation 
characteristics are affected. The deformation isotropy of the carbides is increased, 
presumably because the im purity atoms inhibit slip in preferred directions.
The remaining carbides, nam ely WC, M02C, NbC and TaC, had perfectly  
sym metrical peaks as received, and could be annealed in lamp black without distortion  
of the profiles. The j3*/d* curves for these carbides, when strained, showed pronounced 
reproducible deviations from a straight line, indicative of slip in  preferred directions. 
This implies that oxygen, if present, has no effect on the crystal sym m etry or on the 
deformation characteristics of these four carbides.
CONCLUSIONS
(1) Carbides as manufactured often contain residual strain.
(2) Ball-milling of TiC, ZrC, TaC, VC, NbC, M02C and WC gives rise to strain. 
Increases in lattice parameters also occur. The amount of strain is comparable in 
m agnitude to that induced in parent m etals under similar milling conditions.
(3) The amount of strain induced is dependent on the lattice energy.
(4) Deformation of NaCl-structure carbides gives rise to similar deviation  
patterns to other NaCl structures.
(5 ) The strain can be annealed out, provided that the material can be prevented  
from decarburizing.
(6 ) Im purity atoms play an important part in the properties of some carbides, 
causing them to lose cubic sym m etry and to deform more isotropically.
(7 ) Annealing of NbC shows two stages, similar to the recovery and recrystalli­
zation stages shown b y metals.
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Bond strength in diborides of some group IV and V metals
Diborides can be regarded as interstitial structures with close-packed m etal 
atoms and layers of boron in betw een1. Reports on bond strength in titanium  di­
borides have implied that the boron-to-boron bonding orbitals m ay form nets similar 
to the carbon layers in the graphite structure2. The forces bonding the m etal and non- 
m etal atom s together are also said to be strong. Recent m easurements of elastic m odu­
lus have shown a high degree of anisotropy3.
X -ray line-broadening measurements have been made on ball-milled diborides
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of titanium , niobium and zirconium. The Wagner m ethod of profile analysis has been  
used and graphs of jS2cos20/A2 against 4 sin20/A2 are shown in Fig. 1 , where is the  
integral breadth of the diffraction line measured in radians4. The slope of the graph is 
a measure of lattice strain and the intercept is a measure of crystal size. In an aniso­
tropic m aterial the graph will show deviations from a straight line. These are caused  
b y  variations in Young’s modulus in different directions within the crystal, variations 
in crystal dimensions in different directions, and stacking faults.
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From Fig. 1 it  can be seen that while the Group IV  m etal dibordes, T iB 2 and 
Zrl>2, are reasonably isotropic, the diboride of the Group V m etal niobium behaves in 
an extrem ely anisotropic manner, having, in general, exceptionally broad ool re­
flections. This behaviour is characteristic of that observed in materials having layer 
structures, where the bonding is much weaker between ool planes than in other 
directions in the crystal.
Figure 1 also shows that the strain induced in titanium  diboride b y  ball-milling 
is much less than that induced in the other two diborides. The titanium  diboride also 
has a much higher negative heat of formation than the other two diborides. This is in 
agreement with the observation for carbides5 that materials with high negative heats 
of formation give small microstrains on milling. Thus, it  m ay be concluded that TiB2 
has very strong bonding in all directions, and even though it has a layer structure, this 
does not give rise to any pronounced structural weakness. On the other hand, Fig. 1 
shows that N bB 2 is very anisotropic and has marked weakness between planes of the 
OOl type. ZrB2 is a fairly isotropic material, w ith weaker bonding than TiB 2.
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